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Omdat de vraag naar en het tekort van cacao wereldwijd toeneemt, zal de jacht op 
bijkomende hoog-kwalitatieve cacao een toegevoegde waarde brengen voor zowel de boeren 
als de chocolade-industrie. Vietnamese (VN) cacao is recentelijk als nieuwkomer haar 
marktpotentieel aan het uitbreiden. Hoe haar aromakwaliteit is gepositioneerd in de wereld 
werd echter nog niet beoordeeld. Bovendien, chocolade die bestemd is voor consumptie in 
tropische landen of zelfs in de zomer in gematigde streken ervaart tal van technische 
problemen als gevolg van ongepaste bewaarcondities en temperatuur schommelingen na 
aankoop door de consument. Chocolade heeft immers een scherp smeltprofiel tussen 25°C en 
37°C, de continue vetfase transformeert gedeeltelijk in de vloeibare toestand onder tropische 
omstandigheden wat leidtn tot krimp, relatief korte houdbaarheid en een hoge gevoeligheid 
voor de ontwikkeling van bloem. In het geval van pralines zijn de twee belangrijke 
kwaliteitsgebreken vet- en suikerbloem. Vetbloem komt vaak voor, zowel in gewone 
chocolade en polymorfe vetbloem genoemd als in chocolade met binnenin vullingen/inclusies, 
in dit geval bekend als oliemigratie-vetbloem. Laatstgenoemde betreft de migratie van 
vloeibare olie uit vullingen/inclusies naar de chocolade coating, die leidt tot het oplossen van 
cacaoboterkristallen die aan het oppervlak eventueel kunnen herkristalliseren in grote βVI 
kristallen. Suikerbloem wordt vaak gemeld in pralines met watergebaseerde vullingen en in 
gewone chocolade onderworpen aan temperatuurschommelingen in een vochtige omgeving. 
In het eerstgenoemde systeem kunnen vochtmigratie en tropische omstandigheden 
aanleiding geven tot verscheidene andere fysische gebreken dan suikerbloem, zoals 
structurele schade, uitdrogen van de vulling en de eerder gemelde polymorfe vetbloem. 
Wanneer vocht het oppervlak van de chocolade bereikt, resulteert het oplossen en 
herkristallisatie van suiker tot suikerbloem. Daarom was dit doctoraatsonderzoek gericht op 
(1) het in kaart brengen van het aromapotentieel van VN cacao; (2) het formuleren van 
donkere chocolade met verbeterde thermische tolerantie met behoud van specifieke vloei-
eigenschappen voor het mouleren van pralines; en (3) het formuleren van pralines met een 
verhoogde stabiliteit tegen vet- en suikerbloem. 
Deel I (Hoofdstuk 1) van het proefschrift presenteert achtergrondinformatie over de kwaliteit 
van cacaobonen en pralines in relatie tot tropische landen. Ten eerste wordt de invloed van 
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herkomst en processen zoals fermentatie, drogen, roosteren en concheren op het aroma van 
cacaoproducten besproken. Ten tweede werden verschillende strategieën voor de 
ontwikkeling van hittebestendige chocolade samengevat met speciale aandacht voor een 
smeltpuntverhoging van de vetfase. Hiervoor werd de toepassing van mangopitvet in 
chocolade beoordeeld. Tenslotte worden de verschillende types en het mechanisme van vet- 
en suikerbloem, en strategieën om deze ongewenste verschijnselen te vertragen voorgesteld. 
Deel II van dit manuscript focust op de kwaliteit van de Vietnamese cacao in 3 hoofdstukken. 
Hoofdstuk 2 verduidelijkte de kwaliteitskenmerken van donkere chocolade geproduceerd uit 
Vietnamese cacaomassa’s met verschillende zuurheden. De typische hoge zuurheid in 
Zuidoost-Aziatische cacao wordt beschouwd als een ongewenst smaakattribuut; dit was een 
inspiratie om te onderzoeken of het voor-concheren van cacaomassa tot een verbetering van 
het aroma en sensorische gewaarwording kan leiden. Enkel chocolade op basis van VN 
cacaomassa met intermediaire zuurheid bleek nauw geclusterd met een Ghanese 
referentiechocolade in termen van aromaprofiel gemeten via HS-SPME-GC-MS. VN 
chocolades werden gekenmerkt door een hogere zuurheid en fruitig/bloemig aroma. Voor-
concheren van cacaomassa beïnvloedde de vloei-eigenschappen van chocolade positief en 
verlaagde het gehalte aan vluchtige zuren maar ook dat van vluchtige en minder-vluchtige, 
gewenste aromatische verbindingen. Afgezien van concheren zijn fermentatie en roosteren 
bepalend voor de ontwikkeling van aroma in cacao. Daarom was Hoofdstuk 3 gericht op het 
ontwikkelen van een zeer krachtige en snelle classificatietechniek om de aromakwaliteit van 
gefermenteerde/geroosterde cacaobonen te beoordelen. Gefermenteerde cacaobonen van 
acht commerciële VN klonen (aangeduid als "TD + nummer") die hybriden zijn tussen Trinitario 
en Forastero variëteiten werden vergeleken met 18 monsters van andere origines (Indonesië, 
Peru en Ghana) qua samenstelling (aminozuren, reducerende suikers, polyfenolen en 
melkzuur) en aromaprofiel (via MS-fingerprinting en HS-SPME-GC-MS) na roosteren (30 
minuten bij 150°C). MS-fingerprinting bleek een snelle en zeer bevredigende techniek te zijn 
ter classificatie van cacao op basis van massa over lading ion markers. Verder kon in dit 
hoofdstuk geconcludeerd worden dat hoewel de kwaliteitsparameters aangaven dat alle VN 
klonen goed gefermenteerd waren, het roosteren bij 150°C tot relatief lage gehaltes van tal 
van belangrijke aromacomponenten leidde. Daarom lag in Hoofdstuk 4 de focus op optimale 
roostercondities om het volledige aromapotentieel in enkele klonen te benutten en te 
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onthullen welke specifieke componenten in verschillende klonen de specifieke smaak van 
chocolade van VN oorsprong kunnen bepalen. De gefermenteerde VN cacaobonen werden 
onderworpen aan verschillende roostertemperaturen (30 min bij 130°C, 140°C en 150°C) en 
bemonsterd voor HS-SPME-GC-MS analyse. Aldehyden die in verband worden gebracht met 
cacao-aroma werden optimaal geproduceerd bij lage tot gemiddelde roostertemperatuur, 
terwijl andere vluchtige componenten verantwoordelijk voor een fruitig, bloemig, koffie 
aroma en zelfs off-geuren aangerijkt werden bij hogere temperatuur. Op basis van twee 
pyrazine-verhoudingen werden goed geroosterde monsters, gekarakteriseerd door een 
aromaprofiel in balans, voornamelijk verkregen bij 130°C en 140°C. Talrijke specifieke 
aromacomponenten in sommige TD klonen zijn de moeite waard om te vermelden, 
bijvoorbeeld, TD10 had een vrij gelijkaardige hoeveelheid linalool (theeachtig aroma) en was 
rijker in β-myrceen en ocimeen (kruidig) in vergelijking met ‘fine-flavor’ cacao uit Zuid-
Amerika. 
Deel III van het proefschrift behandelt verschillende strategieën voor de ontwikkeling van 
hittebestendige chocolade voor de tropen die aan specifieke vloei-eigenschappen voor het 
mouleren tot pralines voldoet. Hoofdstuk 5 richtte zich op de impact van ingrediëntvariaties 
en verwerking door aanpassing van het type sucrose, vetgehalte en de deeltjesgrootte. 
Donkere chocolades met verschillende deeltjesgrootteverdelingen werden verkregen door de 
frequentie (eenmaal versus tweemaal) en instelling (3-1 versus 2-1) tijdens verfijning, de mate 
van gedeeltelijke vervanging van voorgebroken suiker met poedersuiker (0%, 25% , 50%) en 
vetgehalte (31-34%) te variëren. De optimale chocolade op het vlak van thermische tolerantie 
en vloei-eigenschappen werd geformuleerd met walsinstellingen 2x(2-1), 100% voorgebroken 
sucrose en 32% vet. De fysische toestand van sucrose, bepaald door de incorporatie van 
poedersuiker, had een grote invloed op de deeltjesgrootteverdeling van de chocolade. 
Hoofdstuk 6 was gericht op een andere strategie voor de ontwikkeling van hittebestendige 
chocolade, namelijk door de incorporatie van harde en zachte StOSt-rijke vetten. Mengsels 
van cacaoboter (CB) met verschillende StOSt-rijke vetten, namelijk Vietnamees mangopitvet 
(VMF), Indisch mangopitvet (IMF) en fracties, nl. stearine (IMFst) en oleïnefractie (IMFol) 
werden geselecteerd voor toepassing in chocolade op basis van hun fase- en 
kristallisatiegedrag. Vetfasen geformuleerd CB/VMF 70/30 en CB/IMFst 70/30 verhoogden de 
Samenvatting 
x 
 
hittebestendigheid van donkere chocolade met behoud van kwaliteit (kleur, hardheid, smelt- 
en vloei-eigenschappen) in vergelijking met de CB referentiechocolade. 
Deel IV van het proefschrift bestudeerde de stabiliteit van pralines wat een wereldwijd 
probleem is. In Hoofdstuk 7 werd de functionaliteit van de vetmengsels gebruikt in Hoofdstuk 
6 verder onderzocht in pralines met hazelnootvulling (praliné) met het oog op 
vetbloemontwikkeling. Om laatstgenoemde te beoordelen werden verschillende technieken 
toegepast, m.n. visuele beoordeling door een getraind panel, scanning elektronenmicroscopie 
en oliemigratie via HPLC-ELSD. Vetbloemstabiliteit werd verbeterd door de incorporatie van 
30% StOSt-rijke harde vetten (VMF of IMFst), gevolgd door 10% StOSt-rijke zachte vetten (IMF 
of IMFol) ten koste van CB. Hierbij werd een kosten efficiënte bron van mangopitvet (VMF) 
voor toepassing in chocoladeproducten per toeval gevonden aangezien geen fractionatie 
nodig bleek. Hoofdstuk 8 bestudeerde de toepasbaarheid van StOSt-rijke vetten om 
suikerbloem te vertragen in pralines met watergebaseerde vullingen (0,85, 0,75 en 0,65 aw) 
bewaard bij verschillende luchtvochtigheid (40% versus 75%) en temperatuur (20°C versus 
30°C). Bewaartesten werden uitgevoerd op pralines waarin de vetfase van de chocolade was 
samengesteld met uitsluitend cacaoboter (CB) en cacaoboter in combinatie met de stearine- 
(CB/MFst 30/70) of oleïnefractie (CB/MF 90/10) van mangopitvet. Visuele waarnemingen, 
gewichtsveranderingen en scanning elektronenmicroscopie werden gebruikt om de pralines 
op te volgen gedurende 10 weken. Het gebruik van MFst en in mindere mate MFol leidde tot 
een verminderde krimp en bloemontwikkeling (suiker- en/of cacaobloem, en polymorfe 
vetbloem) onder alle bewaaromstandigheden. De mate van de gebreken bleek afhankelijk van 
zowel de bewaarcondities (relatieve vochtigheid en temperatuur) en samenstelling van de 
vetfase. Verder werd een onderscheid in de mechanismen van barsten en krimpen van de 
pralines besproken. In de laatste twee hoofdstukken werden voor het eerst de mechanismen 
voor de geobserveerde fenomenen, m.n. de fasen in vet- en suikerbloemontwikkeling en de 
adhesie van cacaodeeltjes buiten of binnen suikeragglomeraten, vastgelegd via microscopie. 
Mogelijke verklaringen voor deze fenomenen werden voorgesteld op basis van de 
microstructuur van de vetfasen, bepaalde door hun kristallisatiegedrag.  
Deel V bevat de algemene conclusies en aanbevelingen voor toekomstig onderzoek.
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As the demand and deficit for cocoa are increasing worldwide, the hunt for additional high-
quality cocoa resources will bring added value for both farmers and the chocolate industry. 
Vietnamese (VN) cocoa, as a newcomer, is recently expanding its global market potential, 
however, how its aroma quality is positioned in the world supply has not been assessed yet. 
Moreover, chocolates destined for consumption in tropical countries or even during 
summertime in temperate regions encounter plenty of technical issues due to inappropriate 
storage conditions and temperature fluctuations after purchase by consumers. As chocolate 
has a sharp melting profile between 25°C and 37°C, the continuous fat phase partially 
transforms into the liquid state under tropical conditions resulting in physical collapse, 
relatively short shelf life and high vulnerability to bloom development. Regarding filled 
chocolates, two main quality defects are fat bloom and sugar bloom. Fat bloom frequently 
occurs both in plain chocolates termed polymorphic fat bloom and in chocolate with fat-based 
fillings/inclusions known as oil migration fat bloom. The latter relates to the migration of liquid 
oil from fillings/inclusions to the chocolate shell leading to the dissolution of solid cocoa butter 
which may recrystallize in large βVI crystals at the surface. Sugar bloom is often reported in 
chocolates containing water-based fillings and in plain chocolates subjected to humid 
environment and temperature fluctuations. In the former system, aside from sugar bloom, 
moisture migration and tropical weather conditions might induce several other physical 
defects, including structural damage, drying out of the filling and as previously mentioned 
polymorphic fat bloom. When the moisture reaches the surface of the chocolate, the 
dissolution and recrystallization of sugar occurs inducing sugar bloom. Therefore, the PhD 
research aimed at (1) exploring the aroma potential of VN cocoa; (2) formulating dark 
chocolate with improved thermal tolerance whilst maintaining specific flow properties for 
moulding applications; and (3) formulating filled chocolates with enhanced bloom stability. 
The first part (Chapter 1) of the PhD thesis presents thorough background information of 
cocoa quality from beans to pralines in relation to tropical countries. Firstly, the cocoa flavor 
quality as affected by different origins and processes including fermentation, drying, roasting 
and conching is discussed. Secondly, multiple strategies for the development of heat resistant 
chocolate are summarized with special attention to a melting point increase of the fat phase. 
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Hereto, the application of mango kernel fat in chocolate was reviewed. Lastly, the different 
types and mechanism of fat/sugar bloom development as well as strategies to retard these 
undesired phenomena are presented.  
Part II emphasizes the quality of Vietnamese cocoa through 3 chapters. Chapter 2 elucidated 
the quality attributes of dark chocolate produced from Vietnamese cocoa liquors exhibiting 
different degrees of acidity. The typical high acidity in Southeast Asian cocoa is regarded as a 
detrimental flavor attribute, thus inspiring the first work package to study whether cocoa 
liquor pre-conching could improve the overall aroma as well as mouthfeel perception.  Only 
chocolates from VN liquor with intermediate acidity closely clustered with a Ghanaian 
reference chocolate in terms of aroma profile using headspace solid-phase microextraction 
gas chromatography mass-spectrometry (HS-SPME-GC-MS). VN chocolates were shown to 
exhibit a more profound acidic, fruity and flowery aroma. Cocoa liquor pre-conching positively 
affected chocolate flow and decreased volatile acids, however, partly removed both highly 
and less volatile, desired aroma compounds. Aside from conching, a good fermentation and 
roasting practice are determinants for aroma development in cocoa. Therefore, Chapter 3 
aimed at developing a very powerful and fast classification technique to assess the cocoa 
aroma quality of fermented/roasted beans. Fermented beans from eight commercially 
available VN clones (termed “TD + number”) which are hybrids among Trinitario and Forastero 
varieties, were compared to 18 samples from other origins (Indonesia, Peru and Ghana) in 
terms of compositional parameters (amino acids, reducing sugars, polyphenols and lactic acid) 
and aroma profile (Mass Spectrometry (MS)-fingerprinting and HS-SPME-GC–MS) following 
high roasting (30 min at 150°C). MS-fingerprinting on the cocoa headspaces appeared to be 
very satisfying in cocoa classification based on m/z ion markers compared to other labor-
intensive methods. From this chapter, although quality parameters indicated that all VN 
clones were well-fermented, the high roasting condition applied diminished plenty of 
important aroma compounds in those Vietnamese clones. Therefore, Chapter 4 explored the 
optimal roasting conditions to exploit the full aroma potential in single clones and to reveal 
which specific compounds in different clones can determine the specific chocolate flavor from 
VN origin. Fermented beans from eight commercially available VN clones, used in previous 
chapter, were subjected to different roasting conditions (30 min at 130°C, 140°C and 150°C) 
and analyzed for their aroma profile using HS-SPME-GC-MS. Aldehydes relating to cocoa notes 
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were optimally produced at low to medium roasting temperatures, whereas other volatiles 
relating to fruity, flowery, roasted and even off-odors were enhanced with high roast 
temperature. Well-roasted samples were obtained mainly at 130°C and 140°C based on two 
pyrazine ratios and had a compromise in overall aroma. Plenty specific aroma notes in some 
TD clones are worth-stressing, for instances, TD10 had a quite similar amount of linalool (tea-
like) and was richer in β-myrcene and ocimene (spicy) compared to fine-flavor cocoa from 
South America.  
Part III of the thesis deals with multiple strategies for the development of heat-tolerant filled 
chocolates for the tropic compromising specific flow properties for the production of pralines 
through moulding. Chapter 5 focused on the impact of ingredient variations and processing 
by tuning particle size, sucrose type and fat content. Dark chocolates were produced having 
different particle sizes obtained by varying the refiner frequency (once versus twice) and gap 
size (3-1 versus 2-1), degree of partial replacement of pre-broken sucrose with icing sucrose 
(0%, 25%, 50%) and fat content (31-34%). The optimal chocolate was formulated with refiner 
setting 2x(2-1), 100% pre-broken sucrose and 32% fat in terms of thermal tolerance and flow 
property. The physical state of sugar, affected by the incorporation of icing sucrose, highly 
affected the particle size distribution of the chocolate. Chapter 6 focused on another strategy 
for the development of heat-resistant chocolate by incorporating hard and soft StOSt-rich fats 
in chocolate. Blends of cocoa butter (CB) with different StOSt-rich fats, namely Vietnamese 
mango fat (VMF), Indian mango fat (IMF), its stearin (IMFst) and olein fraction (IMFol) were 
selected for application in chocolate products based on their phase and crystallization 
behavior. A fat phase formulation with CB/VMF 70/30 and CB/IMFst 70/30 increased the heat 
resistance of dark chocolate, while maintaining similar chocolate quality attributes (color, 
hardness, melting and flow properties) compared to the CB reference.   
Part IV of the thesis studied the stability of filled chocolate which is more likely a global issue. 
Specifically, in Chapter 7, the fat blends used in chapter 6 was further explored for its 
functionality in plain and hazelnut-based filled dark chocolates regarding fat bloom 
development. Different techniques were applied including visual assessment by a trained 
panel, cryo-SEM imaging and oil migration monitoring by HPLC-ELSD. The fat bloom stability 
was improved maximally by incorporating 30% hard StOSt fats (VMF or IMFst), followed by 
10% soft StOSt fats (IMF or IMFol) in the chocolate fat phase. Hereby, a cost-effective source 
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of Vietnamese mango fat with various technical application but without the necessity to 
fractionate was accidentally found. Chapter 8 deals with the possibility to retard sugar bloom 
using these StOSt rich hard stocks in chocolates with water-based fillings (0.85, 0.75, 0.65 aw) 
stored at different humidity (40% vs 75%) and temperatures (20°C vs 30°C). Storage stability 
tests were conducted on pralines in which the chocolate’s fat phase was formulated with 
solely cocoa butter (CB) and cocoa butter in combination with Indian mango fat stearin 
fraction (CB/MFst 30/70) or Indian mango fat olein fraction (CB/MFol 90/10). Visual 
observation, mass change and cryo-SEM were used to monitor the pralines during 10 weeks. 
The incorporation of mango fat stearin, and to a lesser extent, mango fat olein, was shown to 
mitigate physical collapse as well as sugar and/or cocoa particle bloom and polymorphic fat 
bloom at all applied storage conditions. The severe surface redistribution was caused by cocoa 
solids’ bloom in combination with sugar and polymorphic fat bloom with different intensity 
ratio depending on storage conditions (relative humidity and temperature) and fat phase 
composition. A discrimination between mechanisms of cracking and collapse of pralines was 
discussed. In the latter two chapters, for the first time, distinct mechanisms for the observed 
phenomena of different surface blooms were captured especially the fat/sugar bloom 
development and the adhesion of cocoa particle either outside or inside sugar agglomerates 
using cryo-SEM. Possible explanations were proposed based on the fat microstructure relating 
to its crystallization behavior.  
Part V presents general conclusions and recommendations for future studies.
  Outline of the research 
xv 
 
This PhD research aimed at gathering fundamental insights for the development of filled chocolates 
for the tropics covering the value chain from beans to pralines. In addition to a literature review and 
conclusive part, three parts targeted different domains of chocolate research. The outline of the 
subjects of research is summarized in Figure 0-1. 
Part I – Chapter 1 gives an overview of cocoa quality from beans to pralines in relation to tropical 
countries. This chapter covers the cocoa flavor quality as affected by different processes, multiple 
strategies for the development of heat resistant chocolate and retardation fat/sugar bloom. 
The aroma quality of the Vietnamese cocoa single origin has not yet mapped. Moreover, although the 
tropical climate with high rainfall is advantageous for a cocoa growing habitat as Vietnam, such 
condition adversely influences the thrive of domestic cocoa processing due to plenty of technical issues 
including fast melting, fat bloom and sugar bloom among others. This thesis tackles those challenges 
with the ultimate objective of positioning the Vietnamese cocoa globally whereas nourishing domestic 
processing capacity.   
Part II (Chapter 2, 3 and 4) focuses in the aroma quality of Vietnamese cocoa. Chapter 2 studies the 
functionality of Vietnamese cocoa liquor with varying acidity in dark chocolate as compared to a bulk 
Ghanaian one and the impact of liquor pre-conching. Chapter 3 focuses on identifying the potential of 
fermented, dry, roasted beans from eight commercial Vietnamese cocoa clones in comparison to those 
from Ghanaian, Peruvian and Indonesia. Multiple methods were compared and applied to assess the 
cocoa quality including compositional analysis, MS-fingerprinting and HS-SPME-GC-MS. Chapter 4 
further investigated the roasting temperature in order to map the aroma profile of Vietnamese cocoa 
using HS-SPME-GC-MS. 
Part III (Chapter 5 and 6) challenges multiple strategies for the development of heat-tolerant filled 
chocolates. Chapter 5 maps the impact of ingredient variations (sucrose type and fat level) and 
processing (particle size, fat content) on flow property and hardness while Chapter 6 discusses the 
incorporation of soft and hard StOSt-rich fats in chocolate products. Hereby, the compatibility and 
tempering behavior of cocoa butter/mango fat (fraction) blends was revealed in order to improve the 
thermal tolerance of chocolate, while controlling flow properties and mouthfeel.  
Part IV (Chapter 7 and 8) deals with bloom stability of filled chocolates. Both chapters utilize soft and 
hard StOSt-rich fats to mitigate bloom phenomena of pralines. The impact of these fats on oil migration 
fat bloom in hazelnut filled chocolate was tackled in Chapter 7. Further, in Chapter 8, those fat phases 
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were researched in terms of their functionality in retardation moisture migration, cracking and 
collapse, polymorphic fat and sugar bloom in pralines enclosing water fillings with aw (0.65, 0.75, 0.85) 
stored at (non-)tropical conditions (20°C, 40% RH versus 30°C, 75% RH).  
Part V contains general conclusions for all work packages and suggestions for future research. 
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ηCA    Casson viscosity 
σCA    Casson yield stress  
aw    Water activity 
CB    Cocoa butter 
CBE    Cocoa butter equivalents 
DMP    2,5-dimethylpyrazine 
DSC   Differential Scanning Calorimeter 
FFA    Free fatty acid 
FFDM   Fat free dry matter 
G    Ghanaian clones 
GH Ghanaian 
HPLC High Performance Liquid Chromatography 
HS-SPME-GC-MS Headspace-Solid Phase Micro Extraction-Gas Chromatography-Mass 
Spectrometry 
IMF    Indian mango fat 
IMFol    Indian mango fat olein fraction 
IMFst    Indian mango fat stearin fraction 
IN    Indonesian clones 
LOD Limit of detection 
LOQ  Limit of Quantification 
MF    Mango fat 
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MS    Mass Spectrometry 
MUFA    Mono-unsaturated fatty acids 
NCVF     Non-cocoa vegetable fat 
OAV   Odor activity value 
OOO    Triolein 
OPA   Ortho-phthalaldehyde 
OTV   Odor threshold value 
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PGPR   Polyglycerol polyricinoleate 
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POSt    1-palmitoyl-2-oleoyl-3-stearoyl-glycerol 
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SEM    Scanning electric microscopy 
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SSS    Trisaturated triacylglycerols 
SSU    Asymmetric disaturated triacylglycerols 
StOSt    1,3-distearoyl-2-oleoyl-glycerol 
SUS    Symmetric disaturated triacylglycerols 
TAGs    Triacylglycerols 
TD    Accession name of Vietnamese clones 
TMP    Tetramethylpyrazine 
TrMP    Trimethylpyrazine 
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CHAPTER 1: LITERATURE REVIEW 
 
1.1 COCOA PROSPECT IN VIETNAM 
Cocoa production in Vietnam was, in the 1980’s, advanced to a commercial scale. Back then, 
the processing capacity was not developed enough to enable selling on the world market until 
the 1990’s. Between 1993 and 2004, hundreds of cocoa clones were imported to inspect 
whether or not they were suitable to Vietnamese growing conditions (Pham et al., 2008). In 
2014, the world cocoa production was 4.104 million tons in which Latin America, Africa, Asia 
- Oceania accounted for 16%, 72% and 12%, respectively (Anga, 2014). Vietnamese cocoa 
production represents only a small part of Asian - Oceanian cocoa production. In 2013-2014, 
Vietnamese cocoa accounted for 1.2% while Indonesia, Papua New Guinea, India, Malaysia 
occupied respectively 84%, 8%, 2.8% and 0.8% of Asian cocoa production (ICCO, 2014). 
Vietnam cocoa production tripled from 2011 to 2014 (2MT to 6MT). However, 40% of cocoa 
export from Vietnam was classified in the list of recognized of fine and flavor cocoa exporting 
countries (ICCO, 2016). Indonesia was recognized as a fine flavor cocoa nation in 2011, but 
only for 1% of its export. This fact encourages findings on aroma profile of different 
Vietnamese cocoa clones to promote clones with the premium flavor for this single origin. 
Cocoa can be grown in several regions of Vietnam, but is most suitable in the Mekong Delta 
and the central highlands. In the central highlands, cocoa is grown at an altitude of 500-800 
meters in the provinces of Dak Nong and Dak Lak occupying 650 ha and 1850 ha, respectively, 
while in the Mekong Delta the cocoa trees are cultivated in the Ben Tre (2000 ha) and Tien 
Giang province. Plans are being made to grow an additional 300 hectares of cocoa in the Lam 
Dong province. On the central coast, cocoa was once grown in plain of Phu Yen province, 
however, cocoa plantation is now mostly used for household consumption (Pham et al., 2008).  
Theobroma cacao L. has four main varieties: Forastero, Criollo, Trinitario (Afoakwa, 2011) and 
Nacional (Beckett, 2008). Forastero, mostly grown in West Africa and Brazil (Amoye, 2006), 
makes 70% of the cocoa bean production and is a bulk grade variety (Hoskin & Dimick, 1994a), 
which has a stronger and harsher flavor (Kattenberg, 1993). The other three varieties are 
viewed as fine grade (Hoskin & Dimick, 1994a) and are considered to have more aromatic or 
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smoother taste (Kattenberg, 1993). Criollo cocoa beans are mostly grown in Central and South 
America (Amoye, 2006) and have a milder flavor than Forastero beans (Beckett, 2008) but the 
trees are lower yielding (Awua, 2002). Trinitario is a clone of Forastero and Criollo (Beckett, 
2008). Nacional, a variety only grown in Ecuador (Despreaux, 1998), is known for its fruity-
raisin flavour (Counet et al., 2004).  
Up till the 1980’s, seedlings in Vietnam were selected from trees with large pods. However, 
since cocoa is cross-pollinating, the seedlings had different characteristics from the mother 
trees, making this method ineffective. Thus, yield and quality of the cocoa’s offspring was 
unpredictable. When high quality Malaysian clones were imported, a small part of the first 
generation of seedlings already gave poor yield and quality, although they were carefully 
selected (Pham et al., 2008). Nowadays, two sources for cocoa planting are available: either 
from approved seeds of identified parents tested for quality, adaptability and yield or from 
monoculture clones of qualified trees and possibly identified or unidentified parents. The 
latter are long-term tested in different growing regions and developed into popular 
commercial clones which are widely grown and meet 1A Vietnamese standards on cocoa 
quality published in 2006 according to analysis results of exported Vietnamese cocoa beans in 
2006-2007 by Cargill. Nowadays, monoculture clones include TD1-11, TD13, TD14, TD17, 
TD20, TD33, TD36, TD38, TD39, TD54, TD 55, TD62, TD63 and TD64 with the obtained 
productivity of 2-5 tonnes. Per ha (Pham, 2009). TD stands for Thu Duc, the province where 
Vietnams National Cocoa Seed Centre is located.  
Vietnams Ministry of Agriculture and Rural Development has approved 8 commercial clones 
for usage throughout its country: TD1, TD2, TD3, TD5, TD6, TD8, TD10 and TD14. Although not 
officially approved, TD9 and TD11 have been used by farmers because of their high yield. 
Commercial clones account for 80% of the Mekong Delta cocoa production (Pham et al., 
2008). Current available cocoa plants in Vietnam are originated from Forastero and clones of 
Forastero and Trinitario (Pham, 2009).  
1.2 COCOA FLAVOR QUALITY 
The cacao bean’s organoleptic quality depends on climate, soil and genotype origin (Jinap et 
al., 1995b). The four main cocoa varieties are Criollo, Forastero, Trinitario and Nacional 
(Beckett, 2011). The Criollo and Trinitario varieties are generally considered ‘fine grade’ cocoas 
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(mild nutty and full flavor), while the vast majority of the world’s production are ‘bulk cocoas’ 
from Forastero (good quality, intense cocoa flavor, little fine notes). The Nacional (or Arriba) 
eventually occurs only in Ecuador, it is a derivative of the Trinitario bean and has a delicate 
flavor (Afoakwa, 2011; Beckett, 2011). The distinct origins and genotypes require different 
fermentation duration and also produce specific flavor characteristic. Depending on the 
genotype, cocoa beans consist of different amount of chemical components, which makes 
them obtaining different levels of acids, aroma precursors and polyphenols after 
fermentation. For example, Criollo beans contain no anthocyanins (flavonoids) (Afoakwa, 
2011) and have a low theobromine/caffeine ratio, contrary to Forastero beans (Carrillo et al., 
2014). Theobromine and caffeine are major nitrogen-containing components which are 
present in most of the beans and provide the bitter taste. Polyphenols (catechins and 
proanthocyanidins) are responsible for astringency and act as antioxidants. Cocoa beans also 
contain carbohydrates (sucrose, reducing sugars, starch, fiber) and proteins (albumin and 
globulin) (Afoakwa, 2011).  
The unique chocolate organoleptic properties are generated by several processing steps 
among which post-harvest fermentation, drying, roasting and conching are of great 
importance.  
 
1.2.1 THE FERMENTATION PROCESS 
The prerequisite condition for flavor development of the chocolate begins from its raw 
material, namely the cocoa beans. Pods should be properly harvested at their maturity and 
subjected to fermentation otherwise they deliver no desired flavor during the long process of 
chocolate manufacturing (Hoskin & Dimick, 1994a). The complex physicochemical network 
during standard cocoa fermentation is given in Figure 1.1. 
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Figure 1.1: Physicochemical network during standard cocoa fermentation (Kadow et al., 2015) 
Cocoa beans are found in the fruit of Theobroma cacao L. and are surrounded by pulp. The 
living embryo has individual compartments separating the enzymes and other constituents 
including phenolics, alkaloids, sugars and proteins. The aqueous pulp (pH below 4), which is 
indirectly attached with the seed via seed coat, contains 12% mono- and disaccharides, 2% 
citric acid as well as other organic acids, esters, aldehydes, methylketones, alcohols and 
terpenes (Kadow et al., 2013). The cocoa bean fermentation is a complex process well-
described in literature (Afoakwa et al., 2008b; Aprotosoaie et al., 2016; Fowler, 2009; 
Ziegleder, 2009). Prior to fermentation, the cocoa fruits are cut after which seeds are tightly 
packed in heaps or boxes to provide an anaerobic condition. The onset of fermentation starts 
with the natural inoculation of surrounding microorganisms. The pulp protecting the cocoa 
seed is consumed first by anaerobic yeasts converting sugar into ethanol. This sugar is mainly 
pulp glucose from the hydrolysis of sucrose and/or from the activity of yeast invertase. The 
alcoholic fermentation dominates over lactic acid fermentation during the first 2 days and is 
accompanied by a steady rise in temperature to around 35-45°C. Yeasts also liquefy the pulp 
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by pectin degradation and hereby initiate aeration. Citric acid is used for yeast metabolism. 
Ethanol, acetic acid and heat adsorb into the cocoa bean through micropyles and cause the 
dead of cotyledons. The high acetic acid concentration and the low pH destroy the internal 
membranes of the cocoa bean cotyledons, thus removing compartmentalization and favoring 
the interaction of enzymes and substrates. Fermentation proceeds with air ingress, pulp sugar 
depletion, high alcohol concentration and increased pH (6.5) as a result of citric acid depletion. 
Under this condition, the yeast activity is inhibited triggering the growth of existing 
microaerophilic lactic acid bacteria between 48 and 96 hours converting sugars into lactic acid, 
acetic acid and/or ethanol. Citric acid from the pulp is converted into lactic acid, acetic acid 
and/or flavor compounds such as diacetyl, acetoin and 2,3-butanediol. At the end of this stage, 
existing acetic acid bacteria in the mass dominate, thanks to continuously enhanced pulp 
drainage and aeration, converting ethanol produced by the yeasts into acetic acid and the 
lactic acid produced by lactic acid bacteria into acetic acid and acetoin. This strongly 
exothermic reaction heats up the mass to 52°C. This stage is also associated with a decrease 
of the pH within the beans to about 3.5-4.5 due to the massive acid production. The formation 
of acetic acid at later stage is inhibited as there are no longer substrates available, thereby 
shifting to the oxidation of acetic acid to carbon dioxide and water together with a slightly 
increase of the pulp pH to 5. The optimal pH for ideal activity of endogenous proteases to 
degrade bean proteins and generate free amino acids as flavor precursors is 3.8-5.8. If the 
fermentation surpasses its optimal stage, the combined condition of pH, high aeration as well 
as heat in the cocoa mass facilitates the growth of aerobic spore-forming bacteria resulting in 
unwanted molds and hammy off-flavors and a distinct darkening or blackening of the beans 
(Biehl & Ziegleder, 2003; Nigam & Singh, 2014).  
Series of complex biochemical reactions catalyzed by enzymes during fermentation were 
reviewed (Aprotosoaie et al., 2016). During the anaerobic stage, sucrose is hydrolyzed by 
invertase to reducing sugars, proteins undergo proteolysis by proteases to peptides and amino 
acids, and polyphenols are hydrolyzed and oxidized by polyphenol oxidases. The latter 
reaction contributes to the brown color. The aerobic stage is typified with oxidative and 
condensation reactions such as oxidation of protein-polyphenol complexes and carbonyl-
amino condensation that reduce astringency.  
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1.2.2 DRYING 
Drying is essential to reduce the moisture in the cocoa beans to around 7% (Fowler, 2009). At 
this stage, polyphenol oxidases continue to catalyze the transformation of polyphenols in the 
beans to quinones, which then undergo further condensation with free amino and sulfhydryl 
groups leading to brown polymers (Biehl & Ziegleder, 2003). The Maillard reaction also occurs 
generating Amadori compounds, the first intermediates of the reaction between free amino 
acids and glucose (Ziegleder, 2009). The drying method as well as the surrounding 
environment affect significantly the flavor outcome, especially regarding the contamination 
by off-flavors (Afoakwa et al., 2008b; Giacometti et al., 2015). Well-dried fermented beans are 
indicated by their brown color, low astringency, low bitterness and absence of off-flavors 
(Afoakwa et al., 2008b).  
1.2.3 ROASTING 
Roasting of cocoa beans is the crucial step for flavor development from the precursors 
previously formed, bean sterilization, shell release, moisture reduction (to 1-2% dry mass) and 
acidity improvement (Giacometti et al., 2015; Nair, 2010). Roasting is normally conducted at 
temperatures of between 130 and 150°C and for 15 to 45 min. The determination of the ideal 
roasting conditions is important for the formation of a brown color, mild flavor and good 
texture (Krysiak, 2006). Fine flavorful beans (Criollo and Trinitario) require lower temperatures 
in comparison to the bulk cocoa (Forastero) (Oracz & Nebesny, 2014).  
During roasting, the polyphenol-protein complexes formed during fermentation present their 
highest concentration at 134°C (Krysiak, 2006) causing  a decline in astringency and brown 
color development (Ioannone et al., 2015; Misnawi et al., 2005).  Flavor precursors (free amino 
acids, oligopeptides and reducing sugars) participate in the non-enzymatic browning reactions 
(Maillard), as illustrated in Figure 1.2 (McShea et al., 2008; Van Boekel, 2006). The initial step 
involves the reaction between free amino groups of amino acids and the carbonyl groups of 
glucose and fructose (Jumnongpon et al., 2012) resulting in the formation of Schiff bases 
(glucosyl amines and fructosyl amines). Those compounds then go through tautomerization 
to 1,2 enaminols and rearrangement to Amadori compounds (1-amino-1-deoxy-2-ketoses) 
(Coultate et al., 2002). From those intermediates, acidic conditions generate 
hydroxymethylfurfurals and other furfural secondary products, while basic or neutral pH 
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yields 2,3-enediol and dehydroreductone, which then further disintegrate to smaller 
aldehydes and ketones (Afoakwa et al., 2008b). At high temperature and pressure, Strecker 
degradation from the reaction of an amino acid with a dicarbonyl component leads either to 
volatile aldehydes, or to volatile pyrazines and other heterocyclic compounds (Coultate et al., 
2002).  
 
 
Figure 1.2: Formation of flavor compounds during the Maillard reaction (Van Boekel, 2006) 
1.2.4 CONCHING 
Conching is the last step to fine-tune the chocolate flavor by eliminating unfavorable volatiles 
(Awua, 2002; Beckett, 2003; Fowler, 2009; Kealey et al., 2001; Mermet et al., 1992; Reineccius, 
2006). Here, volatile acids and moisture are reduced coupled to an alteration in flow 
properties and color. Not only does conching improve the flavor and texture of chocolate, but 
also enhances the flavor components’ distribution within the chocolate mass (Ziegleder et al., 
2003; Ziegleder, 2005). Compounds that are considered as key contributors to dark/milk 
chocolate flavor and the influence of conching upon the volatile flavor profile have been 
Furfural 
Hydroxymethylfurfural 
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reported (Counet et al., 2002; Ghizzoni et al., 1995; Maniere & Dimick, 1979; Schieberle & 
Pfnuer, 1999; Schnermann & Schieberle, 1997; Ziegleder & Stojavic, 1988). 
1.2.5 CHEMICAL CHANGES DURING FERMENTATION, ROASTING AND DRYING 
1.2.5.1 COCOA FLAVOR: NON-VOLATILE COMPONENTS  
Regarding alkaloids, raw cocoa beans contain about 4% methylxanthines (Kadow et al., 2013) 
including 2% to 3% theobromine, 0.2% caffeine and traces of theophylline (Franco et al., 
2013). Ziegleder (2009) reported no quantitative changes in alkaloid concentrations during 
fermentation and roasting. A more recent study claims that those components impart the 
typical bitter taste of cocoa and are reduced significantly by the diffusion from cotyledons 
during fermentation (Nigam & Singh, 2014). Also, caffeine and theobromine can partly migrate 
into the fat of a cocoa kernel (Matissek, 1997), forming adducts with diketopiperazines that 
provide the specific bitterness of roasted beans during roasting (Biehl & Ziegleder, 2003). 
Polyphenols are highly present in cocoa seeds, constituting 10-20% (dry wt.) of the cotyledons 
(Krähmer et al., 2015; Ziegleder, 2009) and attribute to the astringent and bitter sensation as 
well as the green and fruity flavor of cocoa (Noor-Soffalina et al., 2009). The three main groups 
of polyphenols include catechins (flavan-3-ols), anthocyanins and proanthocyanidins 
occupying approximately 29% to 38%, 4% and 58% to 65% of the total polyphenols, 
respectively. The catechins are represented by (–)-epicatechin (up to 35% of the total 
polyphenols), (+)-catechin, (+)-gallocatechin, and (–)-epigallocatechin. During fermentation, 
anthocyanins are rapidly hydrolyzed to cyanidins and sugars by glycosidase enzymes, thereby 
inducing the bleaching of purple color of the cotyledons in Forastero beans. Catechins are 
converted by polyphenol oxidases to quinones, thus reducing astringency. Proteins and 
peptides complex with the polyphenolic compounds to give the typical brown or 
brown/purple coloration in fermented dried cocoa (Fowler, 2009). During fermentation, more 
than 90% of the initial concentration of catechins and anthocyanins can be reduced (Kothe et 
al., 2013; Misnawi et al., 2003). However, there are more and more studies showing the 
survival and even increase of the polyphenol concentration during fermentation probably 
from proanthocyanidin formation as a result of polymerization reactions (Rusconi and Conti 
2010) or the selection of microbial colonization and duration of fermentation (Giacometti et 
al., 2015; McShea et al., 2008). During drying, the polyphenol content further decreases 
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significantly due to enzymatic browning and diffusion out of the beans (Ioannone et al., 2015). 
Roasting dramatically affects the level and composition of polyphenols (Kothe et al., 2013) by 
the epimerization of (−)-epicatechin to (–)-catechin, and (+)-catechin to (+)-epicatechin (Payne 
et al., 2010). Proanthocyanidins also undergo epimerization reactions, but these are more 
complex processes, as the molecules of proanthocyanidins are dimers, trimers or polymers 
(Kothe et al., 2013). It was recommended to roast at low temperatures (below 140 °C) for a 
short time to better preserves the content of polyphenols (Ioannone et al., 2015).  
Cocoa contains 10-16% (dry wt.) of proteins and a low level of free amino acids. The enzymatic 
proteolysis produces cocoa-specific flavor precursors giving rise to 1-2% of free amino acid 
(dry wt.) within about 24 h after destruction of the cells and acidification by acetic acid 
(Ziegleder, 2009). A pH of around 3.8 is optimal for the activity of aspartic endopeptidase to 
generate hydrophobic oligopeptides. At a pH close to 5.8, serine carboxyexopeptidase 
produces more hydrophilic oligopeptides and hydrophobic amino acids (Afoakwa et al., 
2008b; Biehl & Ziegleder, 2003). Hydrophobic peptides and free amino acids, more particularly 
leucine, valine, alanine, isoleucine and phenylalanine are of major importance as they 
participate in Maillard reactions during roasting and yield characteristic cocoa flavor 
components (Biehl & Ziegleder, 2003). Some residual proteins participate in phenol–protein 
interactions (Afoakwa et al., 2008b). Table 1.1 shows some examples of volatile derivatives of 
hydrophobic amino acids. 
Raw cocoa beans contain 2–4% (dry wt.) of free sugars in which sucrose accounts for 90%. 
During fermentation, sucrose is converted into reducing sugars (fructose and glucose) by 
invertase (Afoakwa et al., 2008b; Biehl & Ziegleder, 2003). Reducing sugars are generated to 
a higher extent by Criollo cultivars being contrary to that in the Nacional variety (Giacometti 
et al., 2015). Reducing sugars are critically important and used up to 90% during roasting for 
the development of typical chocolate flavor (Biehl & Ziegleder, 2003; Ho et al., 2014). Well-
fermented raw cocoas contain nearly zero amount of sucrose and up to about 0.6% (dry wt.) 
of reducing sugars levels because of a substantial proportion exuding from the pulp (Ziegleder, 
2009). 
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Table 1.1: Volatile derivatives of hydrophobic amino acids (Ziegleder, 2009) 
Amino acids Degradation products 
Amine Aldehyde Acid 
Alanine Ethylamine Acetaldehyde Acetic acid 
Glycine Methylamine - Formic Acid 
Valine Isobutylamine 2-Methylpropanal 2-Methylpropanoic acid 
Leucine Isoamylamine 3-Methylbutanal 3-Methylbutanoic acid 
Isoleucine - 2-Methylbutanal 2-Methylbutanoic acid 
Threonine - - 2-Hydroxypropanoic acid 
Phenylalanine 2-Phenethylamine 2-Phenylacetaldehyde 2-Phenylacetic acid 
Tyrosine - - 2-(4-Hydroxyphenol)acetic acid 
Methionine - Methional - 
 
1.2.5.2 COCOA FLAVOR: VOLATILE COMPONENTS 
There are, up to date, 600 volatiles and partly odor active compounds found in cocoa and 
chocolate (Ziegleder, 2009). Those constituents interact with each other to exhibit a unique 
sensory perception and supplement to the taste of non-volatile components. Moreover, the 
perception of flavor is highly dependent on mouthfeel of the final cocoa products affected by 
the melting behavior of cocoa butter as well as the particle size distribution, viscosity and 
hardness of the chocolate (Beckett, 2008). A summary of the main desirable and undesirable 
volatile aroma compounds to the cocoa flavor is provided by Aprotosoaie et al. (2016). 
Acids are products of sugar metabolism during fermentation. Acetic acid (sour vinegar note), 
the most dominant together with other short-chain carboxylic acids (isobutyric, isovaleric, and 
propionic) producing off-odor notes (rancid, butter and hammy) are (partly) eliminated during 
drying, roasting and conching stages (Aprotosoaie et al., 2016). Over-fermentation enhances 
the level of organic acids and their off-flavor notes (Rodriguez-Campos et al., 2012). The bean 
acidity also has a significant impact on chocolate flavor which is optimal in beans with a pH 
between 5.20 and 5.49 (Jinap et al., 1995b). 
Alcohols are generated during fermentation by microbial activity or from heat degradation of 
amino acids, and decreased during drying and roasting through chemical degradation or 
volatilization (Ramli et al., 2006). Alcohols attribute a fruity, green, floral aroma (Rodriguez-
Campos et al., 2012). Linalool and 2-phenylethanol are major alcohols in cocoa (Jinap et al., 
1998; Rodriguez-Campos et al., 2012). Fine flavor cocoas from South America and Trinidad 
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conferring a flowery, leafy and tea-like aroma have high contents of linalool in contrary to 
basic cocoas from West Africa or Malaysia (Biehl & Ziegleder, 2003; Ziegleder, 1990) 
regardless of the loss of this volatile via roasting. The ratio of linalool/benzaldehyde may be 
used as a flavor index which value higher than 0.3 indicates typical fine-grade cocoas 
(Ziegleder, 1990). 
Aldehydes and ketones can slightly be formed during fermentation and drying, majorly 
produced via Strecker degradation during roasting but decrease at high temperature and 
prolonged roasting. They are typically desirable notes for cocoa quality (Rodriguez-Campos et 
al., 2012), i.e. malty note of 2-methylbutanal and 3-methylbutanal, deep bitter cocoa note of 
5-methyl-2-phenyl-2-hexenal, and sweet, floral notes of acetophenone (Ramli et al., 2006; 
Rodriguez-Campos et al., 2012). Among the ketones, acetoin is important as being precursor 
of tetramethylpyrazine, an important pyrazine of cocoa flavor (Rodriguez-Campos et al., 
2012). Methylketones present in the cocoa fruit pulp may permeate into the seed tissue 
during fermentation and may be retained during further process (Kadow et al., 2013). 
Esters confer a fruity flavor and are the typical aroma components in unroasted cocoas 
(Afoakwa et al., 2008b; Biehl & Ziegleder, 2003; Jinap et al., 1998). Examples are 2-
phenylethylacetate and ethyl-2-methylbutanoate, probably obtained from yeast metabolism 
(Aprotosoaie et al., 2016) or migration from fruit pulp (Kadow et al., 2013). Their 
concentrations reduce during roasting (Ramli et al., 2006). The formation of amyl acetates 
during fermentation indicates flavor defects (Rodriguez-Campos et al., 2012). High levels of 2-
phenylethylacetate and low concentrations of 3-methyl-1-butanol acetate are imperative for 
cocoa aroma quality (Rodriguez-Campos et al., 2012).  
Pyrazines are important heterocyclic volatiles in the final cocoa flavor, since these have a low 
threshold value and confer nutty, earthy, roasted and green aromas (Czerny et al., 2008). The 
pathway to generate pyrazines is mostly from α-aminoketones by Strecker degradation and 
Maillard reactions during roasting (Rodriguez-Campos et al., 2012). The roasting condition 
determines the concentration of pyrazines. Tetramethylpyrazine, however, is found during 
fermentation as a metabolic product of Bacillus subtilis (Ramli et al., 2006). Ho et al. (2014) 
recently stated that the fermentation of cocoa beans in the absence of yeasts leads to less 
pyrazine formation during subsequent roasting. About 80 pyrazines contribute to the overall 
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cocoa flavor among which tetramethylpyrazine and trimethylpyrazine are the most essential 
ones (Afoakwa et al., 2008b). Tetramethylpyrazine constitutes about 90% of the total 
pyrazines (Rodriguez-Campos et al., 2012) and acts as cocoa flavor enhancer (Ramli et al., 
2006). The concentration ratio of tetramethylpyrazine (TMP)/trimethylpyrazine (TrMP) has 
been considered as an indicator of roasting degree, ranging from 1.5 to 2.5 for ideal roasting, 
and below 1 for over roasting (Ziegleder, 2009).  
 
1.3 PRALINE PRODUCTION PROCESS 
The most common pralines consist of two parts, namely a chocolate layer surrounding a filling. 
The main chocolate ingredients are sugar, cocoa solids, cocoa butter and lecithin, and 
depending on the type of chocolate, milk fat and milk powder are included (Afoakwa et al., 
2007). Conventional chocolate processing involves mixing, refining, dry conching, liquid 
conching,  tempering and moulding into bars (Beckett, 2011). Filled chocolate production 
includes all above steps with the additional step for filling incorporation by either moulding, 
panning or enrobing (Figure 1.3). Moulding means fillings are poured into a chocolate shell 
followed by closing using tempered chocolate, panning means that the chocolate is used as 
coating for hard centres such as nuts while enrobing refers to a pre-formed center coated by 
tempered chocolate (Afoakwa et al., 2007). Through mixing the agglomeration of all the basic 
ingredients in a specific ratio takes place. Refining reduces the particle size diameter of the 
mixture to be less than 30μm producing smooth texture for the subsequent chocolate. 
Conching contributes to the flavour development, moisture reduction, viscosity reduction and 
structural development of the final chocolate product. In dry conching, intense shearing 
converts the dry powder into a thick paste. Then, liquid conching via intense shearing and 
stirring, converted thick paste into homogenous liquid mass. Tempering is an essential step, 
directly affecting the moulding and demoulding process of the chocolate production. It 
enables cocoa butter to crystallize in the most desirable βν polymorph being responsible for 
imparting the correct hardness, “snap”, glossiness, smooth melting and longer shelf life of the 
chocolate and pralines. Uncontrolled crystallisation in the chocolate can cause formation of 
the unstable crystals of varying sizes and melting point. For pralines, temperature of the filling 
is a very important parameter, when considering pouring the filling into the chocolate moulds. 
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Hot filling can detemper the shell and can lead to bloom formation, while cold filling will not 
form a uniform centre filling in the pralines (Lonchampt and Hartel, 2004). 
 
 
Figure 1.3: Chocolate and praline production process (Afoakwa et al., 2007) 
 
1.4 HEAT RESISTANT CHOCOLATE 
Chocolate is considered as one of the most savory confections worldwide. Although cocoa 
plant originates from tropical countries, its processing thrive and consumption in such huge 
markets are limited due to plenty of stability issues. As chocolate has a sharp melting profile 
between 25°C and 37°C, the continuous fat phase transforms into the liquid state under 
tropical conditions resulting in physical collapse, relatively short shelf life and high 
vulnerability to bloom development (DeMan, 1999). The heat resistance of a product is 
proportional to its solid fat content that is still present between temperatures of 25–30°C 
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(Talbot, 2009b). The paramount challenge for confectionery processors is therefore enhancing 
the heat tolerance of chocolate to an appreciable level, whilst maintaining its product quality 
attributes including snap, sharp melting in mouth, flow behavior, the extent of waxiness and 
bloom stability.  Arguably, such high temperature induced problems are not solely 
problematic in the tropics but also in temperate regions during summer. In dealing with these 
issues, Stortz and Marangoni (2011) have provided a comprehensive review of various 
strategies for the development of heat resistant chocolate (HRC).  
1.4.1 STRATEGIES FOR THE DEVELOPMENT OF HEAT RESISTANT CHOCOLATE  
Three main strategies in the development of thermal resistant chocolate were recognized:  
o Enhancing the network microstructure 
o Addition of an oil/fat binding polymer 
o Increasing the melting point of the fat phase 
 
1.4.1.1 ENHANCING THE NETWORK MICROSTRUCTURE 
DEVELOPMENT OF A SECONDARY SUGAR NETWORK 
Heat resistance in chocolate can be achieved by the development of a sugar network that 
traps the liquefied fat when temperature exceeds the fat’s melting point. The mechanism of 
this tactic involves the dissolution of sugar in aqueous phase which upon the removal of water 
leaves behind sugar network entrapping liquid oil. A secondary sugar network can be created 
through direct incorporation of water. Warm water (4-20%) was added to chocolate under 
mixing at elevated temperature. The corresponding solid product was then ground, shaped 
and subsequently moisture was evaporated to a level of 4-10% (Latamer, 1949; Russell & 
Zenlea, 1948). Alternatively, excess warm water (60%) and chocolate (chocolate liquor) were 
homogenized to form an oil-in-water (O/W) emulsion which was then spray dried and 
proportionally added (with sugar if chocolate liquor was used) to molten conventional 
chocolate (Noznick et al., 1963). The addition of emulsifiers and control of the O/W emulsion 
droplet sizes could improve the chocolate flow behavior (Jeffery et al., 1977, 1978; Takemori 
et al., 1993). Some authors even kneaded a foam mixture of surfactants and water into molten 
chocolate followed by degassing (Giddey & Dove, 1991). Generally, this approach produced 
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final chocolate with moisture content up to 10% and resistance up to 65°C. Although very 
effective in increasing the thermal resistance, this approach encounters serious drawbacks 
(Stortz & Marangoni, 2011). The expensive and time-consuming vacuum drying or degassing 
processes may remove desired flavor volatiles. Furthermore, the presence of water in the 
formula associates with a problematic shelf life issue, namely sugar bloom. Despite of several 
efforts to reduce viscosity, the direct incorporation of water produces considerably high 
viscosity chocolates which has implications in moulding difficulties and sensory perception. 
Alternatively, a secondary sugar network can be created through indirect incorporation of 
water. Firstly, humectants such as corn syrup solids, glucose syrup solids, dextrose, maltose, 
invert sugar, amorphous sucrose, glycerol, sorbitol and polyols were claimed to increase 
moisture absorption resulting in an increase in heat resistance of chocolate. Kempf (1958) 
added milk protein and invertase to increase the heat resistance of chocolate. The enzyme 
hydrolyzes sucrose to glucose and fructose which are more hygroscopic. Those inverted 
sugars, therefore, possibly absorbed water when exposed to high humidity conditions and/or 
transferred to or swelled the milk proteins, resulting in stronger binding between the sugars 
or proteins and creating a secondary network within the chocolate. However, the hypothesis 
of an involved protein network requires more evidences for its existence (Stortz & Marangoni, 
2011). O'rourke (1959) simplified the abovementioned strategy by adding directly a 
humectant and milk protein to a chocolate formula followed by exposing the chocolate to a 
humidity of 50-70% for 14-28 days. Liquid polyol alone or combined with fat in 
emulsion/gelling agent was incorporated into chocolate. Polyols are hydroscopic but are 
believed to interact with fat inducing an increase in the chocolate viscosity (Finkel, 1987, 1989, 
1990). Furthermore, unfinished processing of chocolate by no/semi-conching seemed to aid 
partially uncoated sugars in attracting moisture from the chocolate ingredients/environment 
to form a secondary sugar network as described above (Friedman, 1921; Kempf, 1956). Since 
the water wetted some non-fat solids, the unstable coating of fat to such wetted solids results 
in easy oiling-off (Kempf, 1956). According to Stortz and Marangoni (2011), this approach 
enables confectioners to advantageously receive chocolate in non-heat resistant form, work 
on it and then expose to it moisture. However, hardening time and conditions required for 
heat resistance to develop represent added manufacturing costs. As with the other 
approaches which included water, sugar bloom may present a quality issue.  
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Secondly, water could be indirectly incorporated through encapsulation, namely through 
(micro-)emulsion droplets or gel particles. This approach has been noticed to be promising in 
the near future although more fundamental insights need to be gathered in this area (Stortz 
& Marangoni, 2011). Giddey and Dove (1984) introduced HRC by the addition of pre-
formulated water-in-oil (W/O) emulsion, suspended in molten cocoa butter with the aid of an 
emulsifier. The emulsion was then solidified and subsequently added to conched chocolate at 
level of 2-10%. Processing parameters were controlled to ensure the release time of the 
encapsulated water droplets facilitating the formation of sugar-sugar hydrophilic interactions 
in the chocolate matrix. About 1-4% of water was incorporated to increase the heat tolerance 
to 50°C. However, Stortz and Marangoni (2011) concerned that the addition of the emulsion 
could alter the sensorial attributes of the chocolate due to the introduction of excess fat from 
the pre-formed emulsion and the possibilities of sugar bloom. Alander et al. (1996) modified 
the abovementioned method by producing a W/O micro-emulsion with smaller particle sizes 
(0.001-0.1 µm instead of 0.1-100 µm). Although the heat resistance reduced to 40°C, this 
approach brought several advantages. The spontaneous formation of thermodynamically 
stable emulsions exclude the prolonged mixing and homogenization during emulsification 
(Hubbard, 2002). Smaller droplet sizes were also proposed to facilitate a tight packing 
structure in chocolate producing the heat tolerant property with less added water. Hence, less 
fat was introduced to chocolate to alter its sensory attributes. However, more emulsifiers 
needed may violate food regulations in some countries (Canada, 2009). Other authors 
encapsulated water in gel-like structures and added them to chocolate, producing HRC up to 
40°C-75°C (Frippiat et al., 2000; Frippiat et al., 2005; Frippiat & Smits, 1996; Mandralis & 
Weitzenecker, 2001). However, no sensory data was reported and, once again, sugar bloom 
is undoubtedly a drawback in any formulation containing water. Nevertheless, the 
incorporation of water conforms to ingredient limitations for chocolate worldwide (Canada, 
2009). 
DEVELOPMENT OF A STABLE, JAMMED PARTICLE NETWORK 
Crosley and Conner (1945) developed heat resistant chocolate by “cold-working” a 
conventional chocolate formula using a refiner at a temperature not exceeding 28.3°C 
followed by shaping through extrusion or tableting. The heat resistance in this chocolate was 
achieved by the redistribution of the continuous fat phase into dispersed globules finely 
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divided by the remaining ingredients. Stortz and Marangoni (2011) mentioned that this 
method is not applicable for enrobing and requires specialized equipment and encounters 
problematic adherence of cocoa components to the roller.  
DEVELOPMENT OF A SECONDARY HIGH-MELTING POINT EMULSIFIER NETWORK 
Chocolate was claimed to maintain its structure up to 45°C by adding high melting point 
emulsifiers (Nalur and Napolitano (2002). The emulsifier description covered a broad range, 
namely a melting point from 50°C to 90°C and a hydrophilic-lipophilic balance (HLB) of 2-10, 
and was added at levels of 1-6% to the chocolate (3-15% of the fat phase). Examples of 
emulsifiers included diacetyltartaric acid ester of monoglycerides, sorbitan esters and mono- 
and diglycerides. Just like in the case of secondary sugar network, it was believed that the rigid 
emulsifier structure enabled that formation of a network that physically entraps the liquid oil 
phase within the chocolate matrix at elevated temperatures. This method could be beneficial 
due to the unnecessity of special equipment or hardening time as well as the acquired 
acceptable texture. Nevertheless, Stortz and Marangoni (2011) reported certain setbacks 
towards this approach, more particularly the failure to properly temper the chocolate due the 
very high temperature at which the chocolate must be kept before moulding in order to keep 
the emulsifier from crystallizing. Also, the restriction on the use of certain specific emulsifiers 
in chocolate by legislation would limit their applicability. Furthermore, the suspicion of 
possible waxiness that might be imposed by these high melting emulsifiers needs to be 
addressed.  
1.4.1.2 ADDITION OF AN OIL/FAT BINDING POLYMER 
Logan (1939) used oat flour (6.6%) to produce heat resistant milk chocolate. The underlying 
mechanism implied that, at elevated temperatures, the combination of skim milk powder and 
oat flour absorbs the liquid fat allowing the chocolate to maintain its shape up to 54°C. With 
the same purpose, other polymers were added to chocolate including starch, milk proteins, β-
glucan and gelatin (Ogunwolu & Jayeola, 2006). These components are hydrophilic and do not 
chemically bind to the oil. At elevated temperatures, they retained an increased viscosity 
maintaining chocolate’s shape and/or formed a network to physically trap the fat from leaking 
out of the chocolate (Stortz & Marangoni, 2011). Chocolate containing corn starch also 
showed an increase in moisture content associated with the enhanced heat resistance of 
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chocolate (Kempf, 1958; O'rourke, 1959). However, the resulting chocolates made with such 
polymers generally perceived poor palatability, porous structure and too high viscosity 
(moulding/enrobing inability) (Stortz & Marangoni, 2011). Moreover, the use of polymers has 
restrictions in regard of food legislation (Canada, 2009).  
A more recent and novel method has been proposed by Stortz and Marangoni (2011) at which 
an ethanol solution of ethylcellulose was mixed with conventional milk chocolate after 
tempering. The chocolate was subjected to mixing, moulding, cooling and subsequently drying 
to evaporate the ethanol. Heat resistance in this chocolate was achieved possibly by the oil 
gelling capacity of ethyl cellulose and, even more likely, the assistance of ethyl cellulose to 
form a network with sugar in the chocolate that traps the fat at elevated temperatures (Stortz 
& Marangoni, 2013). Indeed, the ethanol from the ethyl cellulose solution was believed to 
remove some of the phosphatidylcholine, a major component in lecithin, from the surface of 
the sugar molecules making it available for network formation (Stortz et al., 2014; Stortz et 
al., 2015). Although this method seems considerably simple and effective, the use and 
removal of ethanol from the chocolate compromises its applicability. Moreover, the addition 
of ethyl cellulose to chocolate may have a detrimental impact on its sensory properties and 
may be a limited factor with regard to food legislation in some countries (Canada, 2009).  
1.4.1.3 INCREASING THE MELTING POINT OF THE FAT PHASE 
Two well-known ways to obtain heat resistant chocolate by increasing the melting point of 
the fat phase are interesterification or addition of a fat with a higher melting point (Stortz & 
Marangoni, 2011). 
INTERESTERIFICATION OF THE FAT PHASE 
Chemical and enzymatic interesterification were used to step up heat and fat bloom resistance 
of chocolate (Bruse et al., 2008). With the aid of lipase, cocoa butter was interesterified to 
obtain a melting point above conventional cocoa butter, then this fat was further 
interesterified in a directed way at temperature below the melting point of higher melting 
triacylglycerols (TAGs) to incorporate such high melting TAGs in the fat mixture (Fennema et 
al., 2008). The resulting interesterified cocoa butter was then incorporated into conventional 
chocolate before the conching stage yielding a HRC with relatively higher slip melting point 
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(37°C) as compared with the control. Sensory evaluation of interesterified sample showed 
neutral to high acceptability in appearance and mouthfeel. However, the increase in free fatty 
acid concentration owing to the interesterification process could promote oxidation and as 
well affect the flavor of the final product (Fennema et al., 2008). Using this approach, the cost 
for removing free fatty acid through fat refining and the use of enzymes indicate an additional 
cost for producers (Stortz & Marangoni, 2011).   
ADDITION OF A HIGH MELTING POINT FAT 
This strategy has gained much attention as it is a cost-effective approach to partially replace 
the expensive cocoa butter and fosters the valorization of some unexploited vegetable fat 
sources from different parts of the world. Presently, the United States of America, Canada and 
India do not allow the addition of any non-cocoa vegetable fats (NCVF) in chocolate (Timms, 
2003). However, in the EU and Japan, this practice is narrowly permitted up to limits of 
respectively 5 and 12% with illipe, palm oil, sal, shea, kokum gurgi, mango kernel fat and copra 
oil (in ice cream applications) clearly specified as the only suitable alternatives in the EU (CBI, 
2012; Stortz & Marangoni, 2011). In a recent publication by the United States Food and Drug 
Administration, the inclusion of safe and suitable vegetable-derived oils, fats and stearin 
fractions other than cocoa fat (which may also be hydrogenated), safe and suitable dairy-
derived ingredients as well as safe and suitable bulking agents, formulation aids, humectants, 
and texturizers into chocolate products are only permitted on condition that they are featured 
in the nomenclature of the final product, meaning that, a chocolate product with any of these 
ingredients cannot just be called “chocolate” (USFDA, 2013). Interestingly, most tropical 
developing countries both in Africa and in Asia, where the need for these and many 
approaches necessary to step-up the heat resistance of chocolate/confections is highly 
required, have not either defined such specific regulations on NCVF (as is the case of Vietnam) 
or strictly controlled despite having their chocolate standard from the Codex and EU Standards 
(Ghana). 
Jeyarani and Reddy (1999) studied the impact of mahua (Madhuca latifolia) and kokum 
(Garcinia indica) fat on the melting point of cocoa butter (CB) blends. Following solvent and 
dry fractionations with a 1:1 blending ratio for stearin fractions of the two fats, the solid fat 
content (SFC) profile showed a good compatibility for the fat blend and its potential to boost 
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the melting (37,5°C) and solidification properties of CB. However, this study lacked sensory 
evaluation for key aspects like waxiness and general consumer acceptability. Another key 
setback of this approach would undoubtedly be the violation of quantity limit in some 
countries for adding NCVF in the chocolate. In a similar study, Maheshwari and Yella Reddy 
(2005) partially replaced cocoa butter with unfractionated kokum fat. The results show an 
increase of melting temperature of the fat blend containing 5% kokum fat from 31.5°C to 
34.8°C. Although the heat resistance obtained is not high, this method compromised with 
comparable sensory quality to a reference chocolate in terms of gloss, snap, fingerprint 
resistance, melt-in-mouth properties. As abovementioned, the re-formulated chocolate 
presents an acceptable level non-cocoa vegetable fat inclusion (Timms, 2003) for European 
market. The application of mango kernel fat in chocolate is discussed in more detail in the next 
section. 
1.4.2 APPLICATION OF MANGO KERNEL FAT IN CHOCOLATE  
Mango (Mangifera indica) kernel fat (MF) is among seven NCVF that are allowed to be 
incorporated in chocolate for EU and Japanese market. Notwithstanding, mango kernel is 
widely considered as waste by-product and unexploited in developing countries as fat source. 
Total fat content per dry kernel has been estimated between 6-12% depending on the variety 
(Solıś-Fuentes & Durán-de-Bazúa, 2004).   
For more than three decades, mango kernels from different varieties/origins has inspired a lot 
of researchers to study its fat phase showing both physically and chemically similitude to that 
of CB (Kaphueakngam et al., 2009; Lipp & Anklam, 1998; Moharram & Moustafa, 1982; 
Momeny et al., 2013; Muchiri et al., 2012; Nzikou et al., 2010; Solıś-Fuentes & Durán-de-
Bazúa, 2004; Solís-Fuentes et al., 2005). Only one study was conducted on MF composition 
from Vietnamese origin (Matthaus et al., 2003). Just like cocoa butter, MF has also been found 
to possess comparable amounts of the three major fatty acids; palmitic, stearic and oleic acid, 
representing roughly 90% of the fat in total (Solıś-Fuentes & Durán-de-Bazúa, 2004). This 
therefore gives it a relatively simple TAG composition of which a greater proportion exists as 
a blend of these three dominant fatty acids. Results from differential scanning calorimetry 
(DSC) and X-ray diffraction analysis further reveals that MF is a β-stable fat just like cocoa 
butter (Solís-Fuentes et al., 2005; Solís-Fuentes & Durán-de-Bazúa, 2003). Figure 1.4 
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demonstrates the higher heat resistance of MF obtained by a comparative analysis of the 
melting behavior under stabilized conditions (Solıś-Fuentes & Durán-de-Bazúa, 2004). Solís-
Fuentes and Durán-de-Bazúa (2003) showed through an isosolid diagram (Figure 1.5) that MF 
has no softening effect (no eutectics) on cocoa butter at concentrations below 20%. 
Moreover, an even more hardening effect on cocoa butter was observed when it exists in 
mixtures beyond 80%.  
Most mentioned investigations focused on fat phase characterization and/or blending to 
produce cocoa butter equivalents (CBE). Additionally, the recent study conducted by Jahurul 
et al. (2014a) extended the application of mango kernel fat and palm stearin to produce hard 
butter with an increased heat resistance and tempering ease for the tropics. The key concern 
of this tactic is, however, the possibility of inducing a waxy mouthfeel which is often detested 
by consumers (Talbot, 2009b). It was stated that fats with relatively high solid fat content at 
temperatures above the human body temperature (37°C) may possess a ‘waxy’ mouthfeel.  
 
 
Figure 1.4: SFC profile of MF and CB (Solís-Fuentes & Durán-de-Bazúa, 2003) 
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Figure 1.5: Isosolid diagram of MF and CB (Solís-Fuentes & Durán-de-Bazúa, 2003) 
 
1.5 FAT BLOOM 
Fat bloom is the main quality defect in chocolate products and has been intensively studied 
(Ziegler, 2009b). There are two type of fat bloom namely polymorphic fat bloom and oil 
migration fat bloom.  
 
1.5.1 TYPES 
1.5.1.1 POLYMORPHIC FAT BLOOM 
Cocoa butter can exist in six different polymorphic forms which is of importance in chocolate 
processing. According to van Malssen et al. (1999), forms III and IV are not really distinct and 
are considered as β’ leading to 5 polymorphs namely γ, α, β’, βV and βVI with increased order 
of stability. Figure 1.6 summarizes the phase transition of cocoa butter showing that less 
stable polymorphs can be directly formed from liquid whereas βV and βVI have to be formed 
during solid state transition i.e. β’ to βV and β’ to βV to βVI. 
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Figure 1.6: Cocoa butter phase transition scheme (van Malssen et al., 1999) 
 
The six polymorphs from I to VI of cocoa butter have specific melting points, namely 17.3°C, 
23.3°C, 25.5°C, 27.5°C, 33.8°C and 36.4°C, respectively (Wille & Lutton, 1966). The 
polymorphic form βV is desirable for chocolate to obtain maximal contraction, high gloss, 
pronounced snap and resistance towards oil migration and fat bloom (Timms, 2002). The 
polymorphic transition to form βVI is the main cause of fat bloom formation on the surface of 
well-tempered plain chocolate which is inevitable during storage for a long time. The most 
stable polymorphic form has the characteristic to form finger-like crystals which protrude at 
the chocolate surface, leading to a scattering of the incident light and the formation of a white-
greyish haze (Lonchampt & Hartel, 2004). The difference in chocolate surface topography 
related to polymorphic forms βV and βVI is illustrated in Figure 1.7. Form VI fat bloom crystals 
can be described as typical finger-like crystals, but also as long thin crystals that protrude 
several millimeters above the surface and are sometimes mistaken for molds. 
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(A) (B) 
(C) (D) 
Figure 1.7: Surface topography of (A) well-tempered chocolate with βV crystals, (B) and (C) 
bloomed chocolate showing βVI crystals, and (D) bloomed chocolate showing clusters of βVI crystals 
using scanning electron microscopy (SEM; bar = 10 µm) (Groves et al., 2013) 
 
1.5.1.2 MIGRATION FAT BLOOM  
Migration fat bloom results from the oil migration, the redistribution of triacylglycerols and 
the recrystallization of the metastable solid fat fraction of chocolates with fat-based 
fillings/inclusions (Ziegler et al., 2004). Albeit a lot of effort in mitigating migration fat bloom, 
plenty controversial assumptions on the mechanism of this phenomena have been discussed 
by Ziegler (2009b). 
 
1.5.2 MECHANISM 
1.5.2.1 OIL MIGRATION 
One main route is diffusion, a process by which a matter migrates from one part of a system 
to another as a result of random molecular motion. The driving force is the chemical potential 
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gradient, more particularly the difference in TAG composition. This phenomenon is 
accelerated at decreased solid fat content in chocolate formulas and/or at elevated 
temperature through its effect on solid fat content (storage at above 25°C is abusive) (Choi et 
al., 2007; Ziegleder et al., 1996; Ziegleder & Schwingshandl, 1998). Another migration route is 
capillary flow, the tendency of liquids to rise up in capillary tubes owing to the surface tension 
(Aguilera et al., 2004). The prerequisite for this phenomena is therefore the interconnectivity 
via vacant pores of the chocolate matrix. However, Loisel et al. (1997) argued that void spaces 
in chocolate were ‘empty cavities’ rather than ‘pores’ and are either empty or filled with 
molten cocoa butter with no connectivity. Other studies on porosity in chocolate focused on 
the surface observation, thus are unable to prove the extended pipe network throughout the 
bulk (Rousseau, 2006).  
Beside the abovementioned means of migration within the chocolate coating, the net 
migration of oil from the filling toward the chocolate is definitely driven by the interphase 
migration (Talbot, 2009b). The oil has the higher chemical potential when in liquid state than 
in the solution state, thereby attracting to and acting as a solvent for the solid phase of cocoa 
butter. 
1.5.2.2 MECHANISM OF FAT BLOOM 
Ziegler (2009b) gave a light on the driving force for fat bloom formation through liquid-
mediated recrystallization. A simple polymorphic transition to the βVI polymorph would not 
cause visible bloom without crystal growth to a certain size by Ostwald ripening (Afoakwa et 
al., 2009b; Ziegler et al., 2004). His theory is based on the fact that any phenomenon that 
occurs spontaneously must result in a reduction in the Gibb’s free energy. He asserted that 
bloom occurs because the free energy of the newly formed crystals is lower than that of the 
original crystalline state. Crystal growth requires mass transfer (diffusion) which occurs in the 
liquid phase. This phenomena is so-called liquid-mediated recrystallization as illustrated in 
Figure 1.8.   
State A represents a lower melting polymorph and smaller crystal than state B. The 
transformation only completes upon going through a route including: (1) the dissolution 
(solubility) of A, (2) the diffusion of A through the liquid to B, (3) the incorporation to B and 
the subsequent recrystallization of B. The 1st step required energy (G1) possibly from 
temperature fluctuation, whereas the 3nd step releases energy (G2) to drive further 
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dissolution to continue the aforementioned process (Altimiras et al., 2007). Therefore, bloom 
formation is not merely a surface phenomenon but fat bloom also appears in the inner 
chocolate mass with smaller and have a more irregular shape (Rousseau, 2006). Indeed, 
according to Ziegler (2009b), liquid oil neither necessarily migrates to the surface or deposits 
on/dissolves the hard fraction of the surface to initiate crystal growth. Instead, bloom crystals 
can grow like mountain within the chocolate below the surface by mean of TAGs diffusion 
driven by local gradients. 
 
 
Figure 1.8: change in Gibb’s free energy (G) associated with a transition from solid A to solid B 
(Ziegler, 2009b) 
 
1.5.3 STRATEGIES TO RETARD FAT BLOOM 
Studies on mitigating fat bloom focus mainly on interfering any step of the following 
processes: the oil migration, liquid-mediated recrystallization and crystal growth. It is worth-
mentioning that categorizing is relative in this literature review since one strategy may affect 
multiple steps above. 
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1.5.3.1 OIL MIGRATION 
Undoubtedly, the mobility of liquid oil (media for diffusion) in the chocolate as well as in the 
filling is of great importance in formulating plain or filled chocolates. Hence, retardation of oil 
migration to the surface would hinder visual fat bloom formation.  
Oil migration is the primary cause of the onset of fat bloom but does not necessarily correlates 
with the visual growth of bloom on the chocolate surface (Ziegler, 2009b). This phenomenon 
plays an important role in fat bloom formation on filled chocolates since only a small amount 
of hazelnut oil (1%) promotes the polymorphic transition (Smith et al., 2007). The hazelnut oil 
acts as solvent for the solid cocoa butter, reduces cocoa butter’s melting point, and induces 
the recrystallization of dissolved cocoa butter in βVI form (Talbot, 1994a). However, when the 
nut oil migrates into the chocolate to a large extent, the solubility of cocoa butter in nut oil 
increases and the cocoa butter is unable to recrystallize (Ziegler et al., 2004).   
Temperature is one of the determinants of the oil migration rate. Higher temperature 
increases the mobility of oil as well as partially melt cocoa butter in the chocolate, thereby 
facilitating the diffusion rate of oil migration. The migration is particularly accelerated 
between 23-30°C at which cocoa butter melts sharply (Aguilera et al., 2004). Another 
approach is storing the filled-chocolates at sub-zero temperature prior to conventional 
storage 18°C (Depypere et al., 2009), delaying oil migration and subsequent fat bloom. This 
rapid cooling rate possibly improves the chocolate/filling microstructure in the manner that 
hinders the diffusion pathway, thereby delaying the onset of fat bloom. In contrast, high 
temperature treatment (24h-30°C) prior to cooling (24h-4°C) induces the rapid migration of 
the filling TAGs to the chocolate shell followed by fat bloom retardation during subsequent 
storage (Miquel et al., 2001). The combination of thermal treatment and the post-
crystallization process in this case possibly alters the microstructure of the chocolate in the 
way that the saturation concentration of hazelnut oil in chocolate is reduced.  
Composition: choice of fats for fillings/chocolates to retard oil migration has raised a lot of 
interest. Compatibility of the incorporating fat in the shell or filling fat with cocoa butter is 
worth-concerning since the incompatible fats cause the eutectic interaction thereby increase 
the amount of liquid phase (Khan & Rousseau, 2006). For instances, the mixture of CB and 
palm kernel oil in chocolate forms eutectic mixtures resulting in dissolution of the surface fat 
and exposure of non-fat particles, creating light spots (Szlachetka, 2007). Furthermore, lauric 
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fats in cocoa butter substitutes enhance fat bloom development due to their incompatibility 
(Timms, 2003). Hence, compound coating containing lauric fats are often formulated with low-
fat cocoa powder. Besides, the incorporation of harder and compatible fat is effective by mean 
of reducing the amount of oil in the liquid phase through which the migration occurs (Timms, 
2002; Ziegler et al., 2004). The choice of fat present in chocolate may determine the 
composition of bloom which is an interesting research domain. Smith et al. (2004) showed 
that blooms on surfaces of compound chocolate coatings containing palm kernel stearin and 
hydrogenated palm kernel stearin, were fully solid and had a higher melting point than the 
bulk lipid phase. Additionally, bloom composition was not merely due to segregation between 
cocoa butter and the lauric fats, but was selectively enriched in CB TAGs or palm kernel TAGs 
depending on temperature. Applying an oil-impermeable barriers between the chocolate shell 
and the filling is another possibility for retarding oil migration. High melting point fat-based 
barriers or hydrocolloid-based barriers are commonly applied despite their drawbacks in 
terms of waxiness and physical cracking (Ghosh et al., 2002; Timms, 2002; Ziegler et al., 2004). 
Tortuosity: the filling and/or chocolate exhibiting a densely packed matrix shows the capacity 
to retard oil migration owing to the increased tortuosity of the diffusion path. The distribution 
of densely polydispersed particles in chocolate/filling is obtained by optimizing the particle 
size distribution (higher particle packing density) during refining or by creating a dense and 
homogenous fat crystal network by proper tempering (Servais et al., 2002; Ziegler et al., 2004). 
Bricknell and Hartel (1998) observed a better resistance to oil migration and fat bloom in 
chocolate with improved packing density when replacing the crystalline sugar with amorphous 
sugar (spherical-shaped). Afoakwa et al. (2009b) asserted that dark chocolate with larger 
particles fosters fat bloom due to the presence of more pores or crevices. It is somewhat 
counterintuitive that proper tempering is believed to retard oil migration, however, opposite 
findings show that oil migration is impeded in non-tempered chocolate in the α form than 
through well-tempered chocolate (Szlachetka, 2007). The high crystal size for the higher 
melting polymorphs might be large compared with the lower melting polymorph, in effect 
presenting a very porous network for the oil to diffuse through. Other studies (Choi et al., 
2005; Miquel et al., 2001) found that the tempering degree had no effect on the speed of 
migration since the saturation concentration was reached after the same period for both well 
and under tempering. Though, it is note stressing that the amount of oil migrated is more in 
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under tempered chocolate than well-tempered chocolate. According to Ziegler (2009), only 
small change in tortuosity are possible for chocolate, and the influence of liquid phase volume 
fraction dominates. This is why non-solid particle size and tempering has little effect on the oil 
migration rate. According to Lencki and Craven (2013), under-temper cocoa butter showed 
gas filled cavities having a very fine, continuous porous structure, whereas over-tempered 
coca butter contained large continuous gas filled pores and well-tempered cocoa butter (4% 
gaseous void) showed the highest density and closed pore void structure. This finding might 
explain the increase of saturation concentration of oil in under-tempered chocolates. Other 
potential strategies for controlling oil migration were listed by several authors (Dea, 2004; 
Timms, 2002; Ziegleder, 1997; Ziegler, 2009b): increase shell thickness, double enrobing with 
cooling in between, optimize the filling (minimize oil content, use harder fats, process for 
optimal fat structure, add starch, use structuring fat), use compound coatings instead of 
chocolate.  
 
1.5.3.2 LIQUID-MEDIATED RECRYSTALLIZATION 
Temperature: Storage of chocolates at constant temperature below 18°C is recommended as 
anti-fat bloom condition for one year (Ziegler, 2009b). As mentioned above, higher 
temperature increases oil migration in filled chocolate as well as the mobility of the fat phase 
in plain chocolate. This thermal rise, even an slight increase of 1-3°C, supplies energy to the 
process of TAGs dissolution leading to the polymorphic transition to the more stable form, 
thereby initiating fat bloom (Lonchampt & Hartel, 2004; Rousseau, 2006; Timms, 2002; 
Ziegler, 2009b). However, when temperature increases further with some degrees, 
recrystallization and crystal growth decrease due to melting out of large crystals. Therefore, 
maximum bloom formation is recorded at 20-23°C, rather than at elevated temperatures 
where sharp melting of cocoa butter occurs, for both dark and milk chocolates. The 
significance in the recrystallization rate–temperature relationship was put at 18–22°C for milk 
chocolate and 18–26 °C for dark chocolate (Timms, 2002). Temperature fluctuations are also 
detrimental for chocolate since high temperatures melts a proportion of fat crystals in 
chocolate which will uncontrolledly recrystallize in unstable polymorphs at subsequent lower 
temperatures (Lonchampt & Hartel, 2004). Timms (2002) assumes that liquid fats occupy 
greater volume than the solid giving rise to an overpressure that pumps the liquid fats to the 
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surface through pores. Ziegler (2009b), however, debates this capillary pathway of oil 
migration. 
Tempering: Recrystallization will be greater if unstable polymorphs or a broad crystal size 
distribution are formed during tempering (Ziegler, 2009b). Under-tempering produces 
insufficient number of nuclei for subsequent cooling, leaving high amounts of liquid fat 
(Lonchampt & Hartel, 2004). According to Altimiras et al. (2007), those liquid fats propel to 
the surface, where fat bloom matures, through cracks or crevices. Lonchampt and Hartel 
(2004) stated that unstable polymorphs, produced by liquid fat crystallization, promptly 
transform to the more stable forms in a short time. Talbot (1994a) proved that non- or under-
tempered chocolates already carry fat bloom owning to the rapid transformation from βIV to 
βV. However, Kinta and Hatta (2005) investigated that surface bloom on under-tempered 
chocolate is largely attributed to sugar and cocoa particles, apparently forced to the surface 
as it segregated from the crystallizing fat. Bloom in over-tempered chocolate was most likely 
to be due to large cocoa butter crystals produced by exceeded nuclei during tempering 
(Lonchampt & Hartel, 2004). Techniques of seeding chocolate with fine crystals of the βV or 
even βVI polymorph can retard fat bloom formation by removing one of the driving forces 
behind recrystallization (Descamps & Kegelaers, 2007; Zeng et al., 2002). 
Cooling and solidification: The uniform crystal size distribution initiated by tempering must 
be maintained throughout cooling for maximal shelf stability. Nucleation of unstable 
polymorphs in the cooling tunnel must be avoided. Extremely rapid cooling results in a fat 
phase structure that appears to resist bloom. Miquel et al. (2001) showed that a thermal 
treatment consisting of 24 hours at 30°C followed by 24 hours at 4°C reduces the overall 
softening effect that hazelnut oil migration had on chocolate, similar to the effect of 
‘presaturation’ of hazelnut oil with cocoa butter observed by Ziegler and Szlachetka (2005) as 
illustrated in Figure 1.9. Ziegleder (2006) reported that despite the high level of ‘free oil’ in a 
hazelnut nougat filling made with cocoa butter, there was almost no softening of a truffle shell 
over a one-year period. In comparison, fillings formulated with milk fat or hydrogenated 
coconut oil, but without cocoa butter, softened the chocolate shells dramatically.  
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Figure 1.9: Net migration of hazelnut oil into a 3-g sample of chocolate (38 mm × 38 mm × 1.4 mm). 
Circles, hazelnut oil alone; squares, liquid phase of cocoa butter; triangles, 80:20 hazelnut oil:cocoa 
butter blend (Ziegler & Szlachetka, 2005) 
 
 
Anti-bloom composition: The fat bloom retardation of milk fat is explained that this fraction 
has an increased solubility (decreased G1) in the oil phase and results in delayed 
recrystallization (decreased G2). Hence, milk fat incorporation may soften the chocolate on 
the one hand and slow down bloom formation on the other hand by interfering the 
recrystallization on the surface (Ziegler, 2009b). This circumstance requires more insight on 
the intersolubility or phase behavior between milk fat and other TAGs. Although greater 
solubility may inhibit the rate of bloom formation (Matsuda et al., 2001), applying milk fat in 
filling accelerates the unwanted oil migration (unless the filling is presaturated with cocoa 
butter). Other anti-bloom fats are based on TAGs containing both long and medium chain 
saturated fatty acids, for examples, BOB (B = behenic acid C22:O, O = oleic acid C18:1) and 
others (Birkett & Talbot, 2009; Sato, 2001). Those fats crystallize at higher temperatures 
producing small crystals and forming a matrix that entraps filling fats (Birkett & Talbot, 2009). 
Smith et al. (2008) formulated fillings containing hazelnut oil, hardstock and the anti-bloom 
fat Prestine®. This specific fat migrated with the nut oil and inhibited the βV→βVI 
transformation, by impeding the transition from straight to bent conformation of the oleic 
chain of SOS in the cocoa butter. Certain emulsifiers were used to retard fat bloom formation 
owing to their capacity to affect chocolate viscosity and yield value in favor of improving 
crystallization (Lonchampt & Hartel, 2004). Cocoa butter improvers containing high amount 
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of StOSt, for examples, incorporation of 15% illipe fat (Shorea stenoptera) in cocoa butter 
delayed onset of bloom for shell-moulded dark chocolate truffles (Ali et al., 1998) as a result 
of its higher StOSt/POSt ratio. Glycolipid fractions from pumpkin have shown anti-bloom 
properties (Nakae et al., 2000). Sonwai and Rousseau (2006) demonstrated that a cocoa 
butter equivalent (Coberine®) delayed the onset of bloom in tempered cocoa butter by 1–2 
weeks at 25°C.  
1.5.3.3 CRYSTAL GROWTH 
Just as chocolate surface formed in a mould is smoother glossier than that of the free formed 
surface, wrapping chocolate with the aluminum foil can act as surface restraint against the fat 
crystal growth from the surface (Adenier et al., 1993). Incorporation of certain TAGs, 
containing long-chain saturated fatty acid (C20 to C24) is believed to induce the fat phase to 
crystallize into microcrystals or microplates that resist growing (Nomura et al., 1986).   
1.6 SUGAR BLOOM 
Sugar bloom is often reported in chocolates containing water-based fillings and in plain 
chocolates subjecting to humid environment and temperature fluctuations (Afoakwa, 2011). 
The latter is associated with a vapor-induced moisture migration. When the surrounding air 
of the chocolate is at a temperature lower than the dew point, the moisture in the air will 
condensate on cold surfaces. Condensed water can leak onto chocolate, resulting in partly 
dissolution and accumulation of the sugars, which at higher temperature crystallize at the 
surface (Beckett, 2008). On the other hand, liquid-induced moisture migration is the most 
common phenomenon occurring in pralines with water-based fillings, causing sugar bloom 
and other physical defects (Ghosh et al., 2004; Ghosh et al., 2002). When moisture migration 
occurs in chocolate shells, interactions between moisture and the major chocolate ingredients 
(cocoa butter, sugar, cocoa particles) causes volumetric changes inducing chocolate shell 
swelling. Simultaneously, the filling shrinks and dries out. The internal stress in the chocolate 
shell will eventually cause cracking and surface deteriorations of the pralines. The presence of 
cracks promotes the rate of migration resulting in subsequent shrinkage and collapse of the 
chocolate (Ghosh et al., 2002). As mentioned above, when the moisture reaches the surface 
of the chocolate, the dissolution and recrystallization of sugar occurs which is termed sugar 
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bloom (Beckett, 2008; Talbot, 2009a). The driving force of this phenomenon is the difference 
in water activity between the high water activity filling and the low water activity chocolate 
shell (Talbot, 2009a). Ethanol migration follows the same mechanism as moisture migration, 
however, it is more vigorous due to the greater solubility in fat (higher hydrophobicity) of 
ethanol compared to water. Strategies to mitigate alcohol migration were considered to be 
also effective for retardation of moisture migration (Ghosh et al., 2002). 
Sugar bloom is often mistaken for fat bloom, but they are completely different phenomena 
and can be recognized microscopically or by heating the chocolate to 38°C, which will lead to 
the disappearance of fat bloom in contrast to sugar bloom (Afoakwa, 2011).  
Literature regarding sugar bloom retardation and/or visualization of chocolate products is 
extremely rare notwithstanding its importance in the growing Asian market. The only found 
study conducted by James and Smith (2009) shows the concurrent presence of fat bloom and 
sugar bloom on plain chocolate surface through scanning electron microscopy (Figure 1.10).  
Furthermore, most studies in this field focus on delaying moisture migration, without being 
aware whether it absolutely leads to sugar bloom. Moreover, the assumption of moisture 
migration through a film in certain relative humidity could not mimic its effect in chocolate 
with water-/ethanol-containing centers because of the existing difference between vapor-
induced and moisture-induced migration (Yuan et al., 2009). 
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Figure 1.10: Surface topography of poorly tempered chocolate at (a) low magnification showing 
rounded droplet morphology, (b) high magnification on the droplet edge showing sugar bloom 
covering fat crystals, and (c) high magnification showing fat crystals only partially covered by sugar 
crystals (James & Smith, 2009) 
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1.6.1 DIFFUSION MECHANISM 
Water molecules must diffuse through the fat phase of chocolate from a component of higher 
water activity to one of lower water activity until a thermodynamic equilibrium is reached. 
Hereby they come in contact with the suspended solid particles where it gets adsorbed. Water 
adsorption may result in accretion of sugar and surface dissolution which could ultimately lead 
to sugar bloom. Once the hydrophilic particle is saturated, the moisture moves in the direction 
of lower water activity. The diffusion rate of moisture through the hydrophilic phase is much 
faster than that through the hydrophobic phase. Hence, the rate limiting step for migration 
will depend on the structure of fat phase of which the liquid state favors moisture migration. 
According to (Talbot, 2009a), moisture migration is controlled by a combination of Fick’s Law 
and Henry’s Law (Equation 1.1 and 1.2): 
J = –D (δc/δx)      (Eq. 1.1) 
where J is the flux (mol. m-2.s-1), δc/δx is the concentration gradient (mol.m-4), c is the 
concentration (mol.m–3), x is the distance (m) and D is the mutual diffusion coefficient (m2.s–
1). 
c = SP       (Eq. 1.2) 
where c is the concentration, S is the solubility coefficient (mol.m–3.mm Hg-1) and P is the 
applied pressure (mm Hg). 
When a barrier film is used, an equation derived from two previous laws is used to know the 
film’s permeability. It is worth stressing that the permeance is the permeability of a barrier 
divided by its thickness. 
dw/dt = K/X (A(p1–p2))    (Eq. 1.3) 
where dw/dt is the rate of transport of water gained or lost per day, A is the area of contact, 
p1 and p2 are the water vapor pressures on each side of the film and X is the thickness of any 
barrier film. The term, K/X is the permeance of the film expressed in g mm m–2 day–1 kPa–1 (SI 
units) or, more commonly, in g mil m–2 day–1 mm Hg–1 [1 mil is one-thousandth of an inch].  
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In a review by Ghosh et al. (2002), the moisture absorption by dark chocolate demonstrates 
anomalous non-Fickian behavior, probably because of the crystallization of sugars (Biquet & 
Labuza, 1988). However, as the sugar is in the crystalline form in the dark chocolate, the 
abnormal behavior would probably be due some relaxation effects (Duda, 1999) such as 
swelling of the cocoa particles, as suggested in Figure 1.11.  
 
Figure 1.11: Conceptual model for the diffusion of moisture through chocolate. The gradient in 
background shading is representative of the moisture content. The swelling of hydrophilic particles 
is suggested by the halos about the particles (Ghosh et al., 2002) 
Although water has low affinity for fats and waxes, it has a limited solubility herein. Water 
from the ‘wet’ side of the film will migrate into the film until the film is saturated, that is until 
it has dissolved as much water as it is able to do (Talbot, 2009a). Once this situation has been 
reached, molecules of water in the film are then able to migrate out of the oil film and into 
the ‘dry’ phase of the product. For every molecule of water that leaves the barrier film into 
the ‘dry’ phase of the product another molecule enters the film from the moist phase of the 
product to maintain the saturation of the film with water (Figure 1.12). 
 
Figure 1.12: Moisture migration as a result of diffusion (Talbot, 2009a) 
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1.6.2 MEASUREMENTS 
Measurement of permeability of a barrier can be done manually or instrumentally (Talbot, 
2009a). The former relates to gravimetric methods as the so-called dry cup and wet cup. The 
dry cup method consists of the barrier placing on top of an aluminum dish filled with a 
desiccant (Figure 1.13). The whole system is then placed into an atmosphere of a fixed relative 
humidity easily achieved by putting the cells into a desiccator containing a saturated salt 
solution. A salt solution may give quite similar relative humidity at different temperatures 
(Table 1.2). Moisture from the atmosphere inside the desiccator will gradually migrate 
through the barrier on the card and into the desiccant. A similar concept is used for the wet-
cup method, except that the saturated salt solution is placed inside the migration cell and the 
desiccant is in the desiccator. Moisture moves from the cell through the barrier to the 
environment. The gain and loss in weight responding to the dry and wet method can be 
measured regularly to calculate the permeability. 
 
Figure 1.13: Permeability measurement using the manual dry-cup method (Talbot, 2009a) 
Table 1.2: Relative humidity (%) of saturated salt solutions as function of temperature (Talbot, 
2009a) 
Salt 10°C 20°C 30°C 
Lithium chloride 11.3 11.3 11.3 
Potassium acetate 23.3 23.1 21.6 
Magnesium chloride 33.5 33.1 32.4 
Potassium carbonate 43.1 43.2 43.2 
Magnesium nitrate 57.4 54.4 51.4 
Sodium chloride 75.7 75.5 75.1 
Potassium chloride 86.8 85.1 83.6 
Potassium nitrate 96.0 94.6 92.3 
Potassium sulphate 98.2 97.6 97.0 
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The instrumental method directly measures the water vapor transmission rate (WVTR) 
through a system (Versaperm WVTR instrument) with a quite similar measuring principle as 
the wet-cup method. A dish of water (or saturated salt solution) is placed in a cell above which 
the sample is sealed. Dry nitrogen is passed across the top of the sample and an electrolytic 
cell measures the moisture present in the exiting gas. 
1.6.3 STRATEGIES TO RETARD MOISTURE MIGRATION 
1.6.3.1 BALANCING WATER ACTIVITIES 
One way to reduce the driving force for moisture migration is to lower the water activity of 
the filling as close to the chocolate shell as possible without adversely affecting the taste and 
flavor preference. However, this compromise is hardly attainable. Adding sugars, salt or 
glycerol or reducing the water content of the filling are common practices (Talbot, 2009a). 
Moreover, the use of a hydrocolloid as gelatin in water-based fillings was recommended as a 
stronger network is formed, retaining more moisture in the filling and slowing down the 
moisture migration (Beckett, 2008). 
1.6.3.2 APPLYING BARRIER BETWEEN THE WET AND DRY PHASE: AN OVERVIEW  
Moisture barriers using waxes and TAGs are commonly used due to their limited solubility in 
water (Talbot, 2009a). Proteins and carbohydrates are also among preferred material for 
moisture barriers. Waxes have the lowest permeability, however, they are unfavorable due to 
their complexity of applying (high melting points, high tendency to cracking), sensory 
acceptance (waxy, candle-like appearance) and food additive status. Therefore, fats are the 
most hydrophobic and generally accepted alternative components in favor of non-
hydrogenated fats (to avoid trans fatty acids). One of the reason why waxes are so powerful 
against moisture attack is due to their crystallization behavior. Hydrogenated fats will 
crystallize in a spherical form known as spherulites, whereas certain waxes enable the fats to 
crystallize in flat plate-like crystals. Figure 1.14 shows that the tortuosity of moisture pathway 
is obviously increased with the latter form. Certain TAGs are also supposed to force the fat to 
crystallize in micro-crystals like waxes do (Nomura et al., 1986). 
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Figure 1.14: Tortuosity as affected by crystal habit (Talbot, 2009a) 
 
To counteract their susceptibility to cracking, waxes can be therefore combined with other 
materials giving some physical flexibility. Those are TAGs/acetylated 
monoacylglycerols/proteins which can be mixed with waxes or co-existed in dual-layer 
barriers (Averbach, 1992; Talbot et al., 2005). By laminating a layer of beeswax (just a small 
concentration) to a film of (hydroxypropyl)methylcellulose and palmitic/stearic acid, the 
permeability of water vapor reduced considerably (Kester & Fennema, 1989a). Similarly, 
incorporating certain waxes (beeswax or carnauba wax) into films containing whey protein 
isolate and glycerol helps by improving the hydrophobicity whilst maintaining plasticizing 
effects (Talens & Krochta, 2005). A multi-layer barrier consisting of a fat-based layer coupled 
with a flexible hydrophobic layer of waxes and lipid-based emulsifiers was invented by Gaokar 
et al. (2004). Haynes et al. (2004) successfully developed bake-stable moisture barrier 
consisting of a crystalline carbohydrate (monosaccharides, disaccharides, cellulose 
derivatives), a highly crystalline fat (coconut, palm kernel oil, palm oil) and a crystalline food 
fiber (wheat, oat, corn). Other studies reported good moisture barrier effects of starches, 
dextrins, corn syrups as well as complexes of alginate and calcium salts of carrageenan. 
Although there are the aforementioned exceptions, it should be cautioned that most protein 
(gelatin, zein, albumin, casein) and/or carbohydrate barriers exhibit very good film forming 
properties but poor moisture barrier properties. Hence, they should preferably be used as 
additive to a lipid-based moisture barrier.  
In TAG-based barriers, the moisture moves through the film by diffusion of water in solution 
(~ solubility) in the liquid oil phase of the barrier. Since the solubility of water in the oil phase 
Literature Review 
42 | P a g e  
 
is finite, strategies to reduce moisture migration are (1) reducing the amount of liquid oil 
present in the barrier film by SFC tuning or (2) increasing the film thickness or the diffusion 
path length (tortuosity). In general, the higher amount of liquid oil content of the barrier 
accompanies with its greater permeance thereby affecting its permeability, for instance 
tripalmitin versus anhydrous milk fat (SheIIhammer & Krochta, 1997). Fats with high SFC are 
good moisture barriers due to their tight packing efficiency (Landmann et al., 1960; Talbot, 
1994b). Talbot (1991) further added that short-medium chain length fats (C8-C14) have lower 
permeance for a given solid fat content than long-chain length fats (C16-C18) (Figure 1.15). 
Linke (1999) used five different barrier fats aiming at retarding liquor migration including 
cocoa butter improvers, non-tempered cocoa butter substitutes, fractionated cocoa butter, 
cocoa butter powder in βV form and an unrevealed high-melting specialty fat with a specific 
fatty acid and TAG composition. His result only refers to the effectiveness of the last unknown 
fat. Recently, polymorphic fats rich in SUS triglycerides has been used as moisture barriers. 
Asama et al. (2007) found that the addition of asymmetric SSU TAGs (15-50%) to an SUS-based 
material affects the polymorphic nature of the barrier. The addition of microparticulated high-
melting lipids such as saturated fatty acids, glycerol mono-, di- and tri-stearate, calcium and 
magnesium stearate to lower melting vegetable oils was also patented with respect to 
improving the moisture barriers’ efficiency (Loh et al., 2004). 
 
Figure 1.15: Effect of fatty acid chain length on permeance (Talbot, 1991) 
 
The inclusion of non-fat ingredients in the barriers affects their performance. Fats used as 
barriers are often applied in molten state by spraying. They are then crystallized upon cooling 
which regularly induces stress and cracks in the thin film, thereby accelerating the detrimental 
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moisture ingress. Talbot (1991) stated that the aforementioned problem can be improved by 
adding powdered sugar to the barrier by means of increasing its viscosity of the barrier used 
in biscuit, e.g. barrier containing 50% powdered sugar and 50% palm kernel oil. When partly 
replacing powdered sugar by 15% low-fat cocoa powder, the moisture uptake to the biscuit 
increased over storage time to reach almost the same with the 100% palm kernel oil barrier. 
Kester and Fennema (1989a) studied the sorption isotherm for sucrose, cocoa powder and an 
edible film (Figure 1.16). When water activities were lower than 0.75, powder favored 
absorption. As the water activities were greater than 0.75, the amount of moisture adsorbed 
by sucrose increased significantly; possibly due to the higher rate of migration through 
chocolate film compared to those at lower water activities. Iglesias and Chirife (1983) 
explained that low-fat cocoa powder absorbs more water than does icing sugar at water 
activities of 0,5-0,6. Ghosh et al. (2002) mentioned that the presence of non-fat particles more 
likely influences dramatically the WVTR or permeability at high vapor pressures rather than 
low vapor pressures. Hence, the hydrophilic phase is mainly where the diffusion takes place 
in such system.  
 
Figure 1.16: Moisture sorption isotherm for an edible film and its components. (Ghosh et al., 2002) 
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1.6.3.3 APPLYING BARRIER BETWEEN THE WET AND DRY PHASE: CHOCOLATE 
BARRIERS 
Another interesting barrier is undoubtedly based on chocolate. The visual chocolate barrier is 
often considered a pleasant sensory attribute rather than the candle-like wax barrier. 
Chocolate, especially the dark type, can be used as barriers as having even lower permeability 
than several commercial wax/fat-based barriers as seen in Table 1.3 (Bourlieu et al., 2006). 
The same study also stated that high hydrophobicity of the film does not correlates strongly 
with high water vapor permeability. 
Table 1.3: Permeability values of commonly applied moister barriers (Bourlieu et al., 2006) 
Barrier Permeability  Average barrier thickness 
 (10-12 mol m-1 s-1 Pa-1) (µm) 
Beeswax 0.88 ± 0.30 303 
Beeswax/acetoglyceride 2 0.93 ± 0.11 312 
Dark chocolate 2.57 ± 0.38 680 
Barrier fat 2 4.76 ± 2.02 321 
Milk chocolate 4.94 ± 1.90 681 
Beeswax/acetoglyceride 1 5.63 ± 0.99  300 
White chocolate 5.79 ± 0.10 664 
Barrier fat 1 6.22 ± 0.98 297 
Acetoglyceride 6.30 ± 0.90 200 
 
Increasing vapor pressure increases the WVTR. As can be seen in Figure 1.16, sucrose and 
cocoa powder only absorb significantly moisture at high humidity leading to the increased 
permeability as well as swelling and structural changes (Bourlieu et al., 2006).  The physical 
state of water has an impact on the film permeability which was much higher when water was 
used in comparison with water vapor. This may be due to the fact that the actual vapor 
pressure at the interface of the coating is not 100% when water vapor is used (Morillon et al., 
2000). 
Biquet and Labuza (1988) found that the water vapor transmitted through dark chocolate 
barriers positively correlates with temperature, affecting the level of liquid oil in the fat phase 
where polymorphic changes occur.  
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A study mentioned by Talbot (2009a) showed that the un-tempered cocoa butter had a 
permeability about 13 times greater than did the tempered form (Smith, unpublished), 
demonstrating an impact of chocolate microstructure. It is worth-mentioning that the storage 
time which may change the cocoa butter polymorphic form to more stable one was not 
reported in this study. Landmann et al. (1960) also agreed that the WVTR of the low melting 
polymorph, attained by quickly chilling the cocoa butter from 60°C to 18°C, was much greater 
than that obtained by proper tempering.  They, however, did not include the determination 
of polymorphic types. Contradictory results regarding the effect of polymorphic form of the 
fat-barriers, which is critical in chocolate, on moisture permeability were reported. Kester and 
Fennema (1989b) found that the α form of a barrier of fully hydrogenated soybean and 
rapeseed oils had a lower permeability than did the β' form, even though the β' form would 
have had a denser crystal structure. The crystal size for the higher melting polymorph might 
be large compared with other polymorphs, presenting a more porous network for the 
moisture to diffuse through (Ghosh et al., 2002). 
The WVTR decreases when thickness of the chocolate film increases. However, the rate of 
moisture gain will be the same initially irrespective of the thickness in the sorption regime 
(Ghosh et al., 2002).  
1.6.3.4 MODIFYING THE CHOCOLATE SHELL 
The application of a barrier between the chocolate and filling requires complicated spraying, 
thereby making changes to the chocolate itself, if possible, is of greater interest. However, a 
limited number of studies has been done in this domain.  
Proper tempering is crucial for chocolate to achieve a large number of small crystals increasing 
the tortuosity of the moisture diffusion path, hence, decreasing migration rate (Ghosh et al., 
2002). Kinta and Hatta (2005) investigated that surface bloom on under-tempered chocolate 
is largely attributed to sugar and cocoa particles, apparently forced to the surface as it 
segregated from the crystallizing fat. James and Smith (2009) found that poorly tempered 
chocolate exhibits sugar bloom features covering fat crystals (see Figure 1.10).  
Linke (1999) tested different emulsifiers and found the best result for alcohol migration 
retardation with the combination 0.3% lecithin and 0.1% polyglycerol polyricinoleate (PGPR). 
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In his assumption, lecithin enhances the transfer of alcohol (and water) from the center into 
the chocolate. Formula with no lecithin or 0.2% PGPR showed quite stable and similar result. 
Surprisingly, adding 0.2% lecithin performed worse than 0.4% lecithin. Increasing PGPR 
concentration to 0.4% lessened the capacity against ethanol attack. Although it is assumed 
that strategies to mitigate alcohol migration can be transferred to moisture migration (Ghosh 
et al., 2002), this should be confirmed. In fact, Robinson (1971) found that decreasing lecithin 
content coupled with proper tempering reduced swelling in filled chocolates.  
Non-fat particles absorb large amount of moisture which makes the chocolate swelling and 
fosters moisture migration (Ghosh et al., 2002). It is therefore interesting to choose 
sweeteners that absorb less moisture to incorporate in the chocolate shell, if economically 
feasible. The moisture sorption isotherm with different sugars in plain dark chocolate was 
studied by Ogunmoyela and Birch (1984). He stated that moisture permeability is higher 
through chocolate containing fructose and L-sorbose. Moreover, the combination of multiple 
strategies, for instance optimal sweetener and emulsifier, seems promising.  
An increase in temperature adversely raised the moisture loss from the filling to the chocolate 
shell (Robinson, 1971). This elevated temperature was related to an increased mobility of the 
penetrating molecule (diffusivity), phase and structural changes (Biquet & Labuza, 1988). 
Changing temperature from 10°C to 20°C did not change the WVTR in plain dark chocolates as 
their responding SFC remain unchanged. However, increasing it to 26°C, where reduction in 
SFC occurred, nearly tripled the rates. A contradictory study (Kim et al., 1999) stated that, 
although there is not a large variation, the maximum amount of water adsorbed in dark plain 
chocolate is at the lowest temperature (20oC) rather than higher temperature (30°C and 40°C). 
The authors explained that molecular motion increases with temperature, and hence the 
amount of water adsorbed is less for the same aw with increasing temperatures. Beckett 
(2008) also stated that too low temperatures in the cooling tunnel for enrobed pralines can 
also cause sugar bloom.
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CHAPTER 2: QUALITY ATTRIBUTES OF DARK CHOCOLATE 
PRODUCED FROM VIETNAMESE COCOA LIQUORS 
This chapter is redrafted after: 
P. D. Tran, J. Van Durme, D. Van de Walle, A. De Winne, C. Delbaere, N. De Clercq, T. T. Q. 
Phan, C. H. P. Nguyen, D N. Tran, and K. Dewettinck. 2016. Quality attributes of dark chocolate 
produced from Vietnamese cocoa liquors. Journal of Food Quality, 39(4): 311-322. 
2.1 ABSTRACT 
This study provides the quality aspects of Vietnamese (VN) dark chocolates produced by cocoa 
liquors exhibiting different degrees of acidity. Hereto, the impact of preconching the highly 
acidic cocoa liquors was investigated. Results show that three out of four VN chocolates 
attained comparable solid fat content at 35°C, particle sizes and flow properties to a Ghanaian 
reference, ensuring a similar volatile release and taste perception. Principal component 
analysis of the aroma compounds obtained using headspace solid-phase microextraction gas 
chromatography mass-spectrometry clustered the chocolates into three groups: those from 
GH and VN liquor with intermediate acidity, those from preconched VN liquors and that from 
highly acidic VN liquor. A more detailed interpretation of the flavor profile revealed that VN 
chocolates exhibit more profound acidic, fruity and flowery aroma. Furthermore, liquor 
preconching positively affected chocolate flow and decreased volatile acids, however, partly 
removed both highly and less volatile, desired aroma compounds. 
2.2 INTRODUCTION 
Recently, Vietnamese (VN) cocoa has emerged as an economical important export item, thus 
inspiring more global and domestic attention to its cocoa quality and commercial implications 
(Nguyen, 2011). Current market trends have boosted the development of premium products 
made from single origin cocoa beans or variety such as those from Ghana, Venezuela and 
Ecuador. Criollo and Trinitario varieties are described to exhibit mild nutty and fine chocolate 
flavors while Forastero variety is considered as bulk cocoa (Hoskin & Dimick, 1994b). Today, 
all commercial VN cocoa is originated from Trinitario and Forastero genotype (Pham, 2009). 
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Regarding the quality attributes of Southeast Asian cocoa in comparison with those of the 
main cocoa exporting countries, only Indonesian and Malaysian cocoa were already widely 
investigated (Hii et al., 2011; Othman et al., 2010; Ramli et al., 2006; Rohsius et al., 2006), 
while those of Vietnam were not yet studied. The limited domestic researches on VN cocoa 
resided mainly on cocoa beans (Dao, 2011; Phan et al., 2008), without focusing on cocoa liquor 
and chocolate quality attributes. However, a more profound insight on these parameters is 
required as these are crucial aspects for chocolate process optimization and consumers’ 
acceptance. 
The most important criterion for the chocolate quality resides on the flavor. This attribute is 
influenced not solely by the volatile fraction, but also by nonvolatile compounds, cocoa butter 
melting and chocolate flow properties. The latter two are not only determining the overall 
mouthfeel but also affecting the release of volatiles in the mouth headspace and taste 
perception (Afoakwa et al., 2009a). Flavor development from cocoa bean to chocolate 
involves several steps, more particularly fermentation and drying, roasting and conching 
(Afoakwa et al., 2008b). The latter step fine-tunes the flavor of the final product by eliminating 
undesirable volatiles and moisture coupled to an alteration of flow properties and color. Not 
only does conching improve the flavor and texture of chocolate, but it also enhances the flavor 
components’ distribution within the chocolate mass (Ziegleder, 2005). Influences of conching 
conditions on the volatile flavor have been reported (Counet et al., 2002; Schieberle & Pfnuer, 
1999; Schnermann & Schieberle, 1997). It was observed that certain odorants, e.g., 2-phenyl-
5-methyl-2-hexenal, furaneol and branched pyrazines are enriched through conching, while 
the content of others like Strecker aldehydes are lowered. 
The aroma profile of cocoa products has been investigated using different extraction 
procedures combined with a variety of analytical techniques (Bonvehí, 2005; Counet et al., 
2002; Frauendorfer & Schieberle, 2008; Owusu et al., 2013; Ramli et al., 2006). Nevertheless, 
headspace solid-phase microextraction gas chromatography mass spectrometry (HS-SPME-
GC-MS) emerged as the preferred technique due to its capacity to deal with limitations of 
alternative methods (Pinho et al., 2006). Being cheap, solventless, fast and reproducible, 
SPME also eliminates artifacts associated with chemically and thermally unstable samples 
(Ducki et al., 2008). Among different method optimizations, the SPME fiber coated with 
Divinylbenzene/Carboxen/Polydimethylsiloxane (DVB/CAR/PDMS) proved to afford the 
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highest extraction efficiency, identifying both volatiles and semi-volatiles with the same 
efficacy (Ducki et al., 2008). Such application for aroma studies in cocoa liquors and powders 
was reported (Counet et al., 2004; Ducki et al., 2008; Pini et al., 2004), however, prior to this 
study, the identification of aroma compounds using HS-SPME-GC-MS in dark chocolate has 
not been investigated. In a first effort to position the VN cocoa quality in the world market, 
this study aims at comparing the functionality of VN liquors exhibiting different degrees of 
acidity in dark chocolates in comparison to a Ghanaian (GH) reference. Hereby, a wide range 
of chocolate quality attributes ranging from melting range, flow behavior to aroma profile 
were measured instrumentally. 
2.3 MATERIALS AND METHODS 
2.3.1 COCOA LIQUORS 
2.3.1.1 ORIGIN 
Three VN cocoa liquors VN1, VN2 and VN3 exhibiting high or intermediate acidity were 
supplied by respectively cocoa farmers (Ben Tre), Trong Duc Company (Dong Nai) and Puratos 
GrandPlace (Binh Duong). VN cocoa liquor with low acidity was not available in the market. 
However, a low acidic Ghanaian cocoa liquor (GH) purchased at Cargill Chocolate Belgium 
(Mechelen, Belgium) was used as reference. 
2.3.1.2 PRETREATMENT 
The coarse and highly acidic liquors VN1 and VN2 were refined using a ball-mill (Royal Duyvis 
Wiener, Koog aan de Zaan, The Netherlands). Next, these chocolate ingredients were conched 
to reduce their acidity using a Bühler Elk’olino conche (Richard Frisse GmbH, Bad Salzuflen, 
Germany) at a rotational speed of 1,200 rpm (clockwise) according to following time-
temperature protocol: 12 h at 60°C, 12 h at 70°C, 12 h at 80°C and 12 h at 85°C. 
2.3.1.3 CHEMICAL CHARACTERIZATION 
The moisture content, pH and fat content of the liquors were determined using Karl Fischer 
titration, AOAC official methods 13.010 and 963.15, respectively. 
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2.3.2 CHOCOLATES 
2.3.2.1 PRODUCTION 
Dark chocolates (33.6% fat) consisting of 48.0% pre-broken sugar (Barry Callebaut Belgium, 
Wieze, Belgium), 40.0% cocoa liquor, 11.6% cocoa butter (Cargill Chocolate Belgium, 
Moeskroen, Belgium) and 0.4% soy lecithin (Soya International Ltd, Cheshire, U.K.) were 
produced on 4 kg scale. The fat content in cocoa liquors was equalized to the one of GH by 
adding cocoa butter extracted from the respective liquors. Mixing of the ingredients sugar, 
cocoa liquor and part of the cocoa butter at a fat content of 27.0% was performed using a 
planetary Vema mixer BM 30/20 (NV Machinery Verhoest, Izegem, Belgium) for 20 min at 45°C 
and rotational speed setting 3. Next, the mixed masses were refined using an Exakt 80S 3-roll 
mill (Exakt Apparatebau, Norderstedt, Germany) at setting 3-1. The roller speed was 400 rpm 
and the rolls’ temperature was maintained at 35°C. The refined flakes were conched in the 
Bühler Elk’olino conche. The conching process consisted of two phases. The dry phase 
occurred at a fat content of 27.7% fat: mixing was done at 60°C and 1,200 rpm for 2 h; shearing 
was done at 70°C and 1,200 rpm for 4 h. Prior to the liquid phase, the remainder of the cocoa 
butter and the lecithin was added. Here, mixing followed by shearing was done at 45°C and 
2,400 rpm for 15 min. Finally, the chocolates were tempered using a Selmi-One Tempering 
Unit (ECD, Wilrijk, Belgium), moulded into bars of 25 g and cooled in a cabinet for 30 min at 
11°C. For each chocolate batch, the temperature of the tempering unit was adjusted in the 
range 31–32°C to obtain an appropriate tempering unit (TI) registered using an Aasted-
Mikroverk Chocometer (Aasted-Mikroverk ApS, Farum, Denmark). Indeed, TI of 4–5 ensures 
desired contraction, gloss and snap. After a maturation period of 24 h at 18°C, the end 
products were individually wrapped into aluminum foil and stored in a thermal cabinet at 20°C 
and 50% relative humidity. The chocolate quality was assessed 2 weeks after production.  
2.3.2.2 CHEMICAL PROPERTIES 
The moisture content and pH were determined using Karl Fischer titration and AOAC official 
method 13.010.  
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2.3.2.3 PHYSICAL PROPERTIES  
The solid fat content (SFC) profile of the extracted cocoa butter was recorded in triplicate 
using a 23MHz 1H NMR Maran Ultra device from Oxford Instruments (Tubney Woods, 
Abingdon, Oxfordshire, U.K.) according to the AOCS Official method Cd 16b-93, including a 
tempering step of 40 h at 26°C.  
The melting behavior of dark chocolate was recorded at a rate of 5.0°C.min-1 using the Q1000 
DSC (TA Instruments, New Castle, Delaware, U.S.A.) equipped with a Refrigerated Cooling 
System. Nitrogen was used as purge gas. The cell constant (1.019) was set with indium (TA 
Instruments). In addition to indium, azobenzene (Sigma-Aldrich, Bornem, Belgium) and 
undecane (Acros Organics, Geel, Belgium), were used for temperature calibration. Chocolate 
was sealed in hermetic aluminium cups (TA Instruments). Measurements were done in 
triplicate. Peak integration was performed using a linear baseline in the Universal Analysis 
2000  software version 4.7A (TA Instruments). Peaks were characterized by onset (°C), 
maximum (°C), offset (°C) and enthalpy (J.g-1). 
The particle size distribution (PSD) was measured using laser light diffraction (Malvern 
Mastersizer S, Malvern Instruments Ltd., Worcestershire, U.K.) equipped with a 300 RF lens to 
measure particles in the range of 0.05–900 µm. For each liquid chocolate, three subsamples 
of 0.5 g were mixed with 10 ml of isopropanol (VWR, Leuven, Belgium), put in an oven at 50°C 
for 1 h and measured five times. From the recorded PSD, characteristic parameters were 
derived. 
Chocolate flow behavior at 40°C was recorded in triplicate using the Official ICA46-method 
(ICA, 2000) and an AR2000 rheometer (TA Instruments, Brussels, Belgium) equipped with 
concentric DIN cylinder (cylinder: 42.00 mm; rotor outer radius: 14.00 mm; stator inner radius: 
15.00 mm; geometry gap: 5920 µm). The flow data were fitted to the Casson model from 
which the Casson yield stress σCA (Pa) and Casson viscosity ηCA (Pa.s) were deduced. 
2.3.2.4 FLAVOR PROPERTIES 
Water-soluble acids were extracted using the AOAC 42.1.04 method and analyzed according 
to Fernandez-Garcia and McGregor (1994) using a Thermo Finnigan Surveyor HPLC (Thermo 
Electron Corporation, Brussels, Belgium) equipped with four solvent lines, degasser and 
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autosampler followed by UV-VIS Photodiode Array Detector (SPD-M20A, Shimadzu, Japan) 
detection. An Alltech (Grace Davison Discovery Science, B-9160 Lokeren, Belgium) OA-1000 
Organic Acid column (300 X 6.5 mm, 9 µm) in combination with a guard cartridge was used. 
Nitrogen was used as nebulizing gas. In a first step, the organic acids were extracted in 
duplicate by the suspension of 5 g liquid chocolate in 50 ml boiling HPLC-grade water (Chem-
Lab, Zedelgem, Belgium). Next, the suspension was filtered, the residue was washed with 
HPLC-grade water until 50 ml was collected, and 5 ml of filtrate was diluted to 25 ml with 
0.013N H2SO4 (Fisher Scientific, Geel, Belgium) in HPLC-grade water. The mobile phase was 
0.013N H2SO4 in HPLC-grade water filtered over a 0.45 µm membrane. The organic acids were 
identified by comparison of the retention time of acetic acid, malic acid, oxalic acid, succinic 
acid (Acros Organics, Geel, Belgium), citric acid (Chem-Lab, Zedelgem, Belgium), lactic acid, 
tartaric acid (Sigma- Aldrich, Bornem, Belgium). Their concentrations were determined from 
output signals at 210 nm and calibration curves in the range 0.0064–0.6250% (w/v) in 0.013N 
H2SO4 in HPLC-grade water. Additionally, limit of detection (LOD) and quantification (LOQ) 
were calculated for each targeted organic acid, namely oxalic acid (106 and 321 µg.ml-1), citric 
acid (129 and 391 µg.ml-1), tartaric acid (140 and 425 µg.ml-1), malic acid (154 and 467 µg.ml-
1), succinic acid (211 and 639 µg.ml-1), lactic acid (135 and 408 µg.ml-1) and acetic acid (157 
and 477 µg.ml-1).  
The volatile aroma profiles were recorded using HS-SPME-GC-MS. The isolation of the volatiles 
released was performed in a Multipurpose Sampler (Gerstel, Mülheim an der Rur, Germany) 
equipped with a HS-SPME unit as follows: 2 g of dark chocolate was cut and blended with 1 µl 
internal standard nonane with a concentration of 24.425 µg.ml-1 in hermetically sealed 20 ml 
vials and incubated for 30 min at 60°C in a thermostatic agitator. Next, a well-conditioned 
50/30 µm CAR/DVB/PDMS SPME fiber (Supelco, Sigma-Aldrich N.V., Bornem, Belgium) was 
exposed to the headspace for 35 min at 60°C. The volatiles were then analyzed with GC-MS, 
using splitless injection, helium as a carrier gas (1 ml.min-1), and a cross-linked methyl silicone 
column (HP-PONA) of 50 m length, 0.20 mm internal diameter and 0.5 µm film thickness 
(Agilent Technologies, Diegem, Belgium). The following time-temperature program was 
applied: 40°C (5 min), from 40 to 250°C (5°C.min-1), 250°C (5 min). Injector and transfer lines 
were maintained at 250 and 280°C, respectively. The total ion current (70 eV) was recorded in 
the mass range from 40 to 250 amu (scan mode) using no solvent delay and a threshold of 50. 
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Identification of volatile organic compounds in the headspace was performed using the Wiley 
275 library. Additionally, confirmation of identified compounds was done by determination of 
Kovats indices, determined after injection of a series of n-alkane homologues using the 
analytical configuration as described above. The semi-quantitative were expressed as 
nanograms of nonane equivalents per gram of chocolate and calculated as the area of the 
volatile indicator component divided by the response factor of the internal standard nonane. 
For each chocolate, triplicate isolation, separations, identifications and quantifications of the 
chocolate volatiles were performed. 
2.3.3 STATISTICAL ANALYSIS 
Statistical analyses were performed with SPSS 22 (SPSS Inc., Chicago, U.S.A.). All tests were 
done at a significance level of 0.05. One-way ANOVA was used to investigate any significant 
difference between the samples. Testing for equal variances was executed with the Modified 
Levene Test. When conditions for equal variance were fulfilled, the Tukey test was used to 
determine differences between samples. In case variances were not equal, Games-Howell test 
was performed. Exploratory data analysis of the chemical information was performed by 
means of principal component analysis (PCA) (Unscrambler 9.7, Camo, Oslo, Norway). 
2.4 RESULTS 
2.4.1 COCOA LIQUORS 
Moisture, fat content and pH of cocoa liquors are shown in Table 2.1. VN1 liquor had initially 
high moisture content, exceeding common values (1.5–3%) for roasted cocoa (Dand, 1999). 
Jinap et al. (1995b) stated that chocolates made with cocoa liquors exhibiting low pH (4.75–
5.19) are more likely to have off-flavors. Therefore, VN1 and VN2 were pre-conched (denoted 
by “C”) resulting in a somewhat increased pH.  
Table 2.1: Moisture, fat content and pH of cocoa liquors (n=3). 
Cocoa liquor VN1 VN1-C VN2 VN2-C VN3 GH 
Moisture (g/100g) 3.7e 0.4a 2.0d 0.5b 1.0c 0.9c 
Fat (g/100g) 48.3a 51.3b 53.6d 55.1e 52.6c 54.8e 
pH 4.67a 4.78b 4.85c 5.00d 5.22e 5.55f 
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a,b,c,d,e,f: different superscripts indicate significant differences (P<0.05) between cocoa liquors following 
One-way ANOVA and post hoc test. 
2.4.2 CHOCOLATES 
2.4.2.1 MOISTURE AND pH 
From Table 2.2, it is clear that moisture contents of dark chocolates were lower than those of 
the cocoa liquor, except for those from the pre-conched cocoa ingredients. The use of VN2 
resulted in somewhat higher moisture content in dark chocolate, which can be attributed to 
the presence of more water in this liquor. The pH values of the chocolates were quite similar 
to those of the cocoa liquors used. 
Table 2.2: Moisture content, pH of dark chocolates (n=3). 
Parameters VN1-C VN2 VN2-C VN3 GH 
Moisture (g/100g) 0.4a 0.7b 0.4a 0.4a 0.4a 
pH 4.75a 4.93b 5.03c 5.16d 5.43e 
a,b,c,d,e: different superscripts indicate significant differences (P<0.05) between chocolates following 
One-way ANOVA and post hoc test. 
2.4.2.2 SOLID FAT CONTENT, MELTING RANGE AND PARTICLE SIZE DISTRIBUTION 
SFC at 20°C and 25°C gives an indication of cocoa butter hardness, while its heat resistance 
can be deduced from the difference in SFC between 25°C and 30°C (Beckett, 2008). In Table 
2.3, it was apparent that VN1-C was the softest while VN3 and GH samples were similarly 
harder, closely followed by VN2 and VN2-C. Moreover, the mutual differences at 30°C were 
similar to those in the temperature range 20-25°C. The SFC35°C of VN2, VN2-C, VN3 and GH are 
comparable with the exception of VN1-C. Regarding the melting behavior of the dark 
chocolates, no significant differences in peak temperature were found. VN chocolates 
exhibited a comparable melting range, while that of GH was slightly narrower. VN1-C and GH 
had the lowest melting enthalpy, while VN2 and VN2-C absorbed more heat during melting. 
The PSD parameters of VN2, VN2-C, VN3 and GH were similar. In contrast, VN1-C chocolate 
was finer, probably due to more extensive ball-mill pretreatment of the cocoa liquor in the 
presence of relatively less fat and more moisture of initial ingredients, which might have had 
a positive influence on the free fat content.  
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Table 2.3: SFC, melting and PSD parameters of dark chocolates (n=3) 
Parameter VN1-C VN2 VN2-C VN3 GH 
SFC data      
SFC5°C (%) 86.6± 0.1a 89.0± 0.3b 89.3±0.3b 89.1± 0.2b 89.3± 0.3b 
SFC10°C (%) 83.7± 0.2a 86.4± 0.3b 86.0±0.2b 85.9± 0.4b 85.9± 0.2b 
SFC15°C (%) 78.1± 0.3a 80.3± 0.3cd 80.7±0.2d 79.5± 0.3bc 79.3± 0.2b 
SFC20°C (%) 73.3± 0.2a 76.2± 0.4c 76.2±0.3c 74.4± 0.4b 74.6± 0.2b 
SFC25°C (%) 63.8± 0.2a 68.9± 0.3c 68.6±0.2c 65.3± 0.2b 65.3± 0.3b 
SFC30°C (%) 36.7± 0.5a 43.5± 0.3c 43.6±0.6c 39.0± 0.4b 40.3± 0.5b 
SFC35°C (%) 1.8± 0.3b 1.0± 0.2a 1.1±0.2a 0.6± 0.4a 0.7a± 0.2a 
Melting parameters      
Onset (°C) 25.2 ± 0.2a 25.5 ± 0.4a 25.5 ± 0.3a 25.5 ± 0.3 a 26.7 ± 0.3b 
Maximum (°C) 33.6 ± 0.3 33.7 ± 0.2 33.3 ± 0.2 33.5 ± 0.3 33.4 ± 0.1 
Offset (°C) 37.9 ± 0.6b 37.9 ± 0.4b 37.3 ± 0.4ab 37.4 ± 0.3ab 36.7 ± 0.2a 
Enthalpy (J.g-1) 39.2 ± 1.0a 40.1 ± 1.7ab 42.2 ± 0.7b 39.7 ± 0.7ab 37.7 ± 0.9a 
PSD parameters      
D[43] (µm) 9.9 ± 0.2a 13.0 ± 1.0b 13.2 ± 0.5b 12.9 ± 0.3b 12.8 ± 1.0b 
D[v,0.1] (µm) 1.4 ± 0.2a 1.7 ± 0.2b 1.6 ± 0.2ab 1.6 ± 0.1ab 1.7 ± 0.2b 
D[v,0.5] (µm) 7.3 ± 0.2a 8.5 ± 0.4b 8.1 ± 0.4b 8.2 ± 0.1b 8.3 ± 0.4b 
D[v,0.9] (µm) 22.2 ± 0.5a 31.3 ± 3.1bc 32.7 ± 1.0c 31.6 ± 0.7b 29.4 ± 0.5bc 
x ± y: average ± standard deviation 
a,b,c,d: different superscripts indicate significant differences (p<0.05) between chocolates following One-
way ANOVA and post-hoc test 
 
2.4.2.3 FLOW BEHAVIOR 
Table 2.4 shows the flow parameters of the liquid dark chocolates. The Casson yield stress 
(σCA) of GH was similar to VN2, VN2-C and VN3, while that of VN1-C was significantly higher 
due to mutual differences in PSD. Similarly to σCA, significant differences in Casson viscosity 
(ηCA) were observed. VN3 exhibited the highest ηCA followed by GH, VN2, VN2-C and VN1-C.  
Table 2.4: Flow properties of dark chocolates (n=3). 
Parameter VN1-C VN2 VN2-C VN3 GH 
σCA (Pa) 11.7 ± 0.2c 6.0 ± 0.0b 5.7 ± 0.1b 4.1 ± 0.1a 4.8 ± 0.4ab 
ηCA (Pa.s) 1.709 ± 0.007a 2.013 ± 0.014c 1.924 ± 0.008b 2.098 ± 0.012d 1.991 ± 0.023c 
x ± y: average ± standard deviation 
a,b,c,d: different letters indicate significant differences (p<0.05) between chocolates following One- way 
ANOVA and post-hoc test 
 
2.4.2.4 ACIDITY 
Higher levels of organic acids were found in the chocolates from VN cocoa liquors in 
comparison to that from GH mass (Table 2.5). This finding concurs with Holm et al. (1993), 
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who stated that South-East Asian cocoa liquors contain higher amounts of organic acids than 
their West African counterparts. As a consequence of pre-conching the liquor (VN2-C versus 
VN2), only the volatile acetic acid was reduced in the final dark chocolate as stated earlier by 
Kleinert-Zollinger (1988).  
Table 2.5: Water-soluble organic acids in dark chocolates (n=3). 
Organic acid VN1-C VN2 VN2-C VN3 GH 
(µg.g-1)      
Oxalic acid 1289 ± 22a 2415 ± 82c 2380 ± 88c 1969 ± 27b 2284 ± 55c 
Citric acid 3624 ± 130b 4199 ± 212c 4161 ± 140c 3840 ± 51b,c 3296 ± 95a 
Tartaric acid <LOD <LOQ <LOQ <LOD <LOQ 
Malic acid 1370 ± 139b <LOQ <LOQ 1171 ± 107b <LOQ 
Succinic acid 2411 ± 35b 3376 ± 232c 3548 ± 174c 2342 ± 176a,b 1979 ± 62a 
Lactic acid 3977 ± 209c 1754 ± 164b 1830 ± 84b 3517 ± 38c 905 ± 20a 
Acetic acid 1258 ± 46a 4594 ± 129d 3183 ± 187c 1850 ± 91b 1384 ± 126a 
x ± y: average ± standard deviation 
a,b,c: different letters by row indicate significant differences (p<0.05) between chocolates following 
One-way ANOVA and post-hoc test 
 
2.4.2.5 AROMA PROFILE 
Table 2.6 shows the average semi-quantitative volatile composition of the dark chocolates. 
Conching considerably removes volatiles, either unwanted or desirable as shown by Counet 
et al. (2002) and Owusu et al. (2013). No new key odorant was synthesized by conching of 
cocoa liquor which is also in accordance with previous studies (Afoakwa et al., 2008b). The 
total volatile concentration was found in the range 56.691 to 19.436 ng.g-1 being lowest in 
chocolate GH, followed by VN1-C, VN2-C, VN3 and VN2. The chocolates derived from the VN 
cocoa liquors exhibited significantly higher amounts of acids and alcohols than the GH 
counterpart. Odor activity values OAV (concentration/odor threshold value (OTV)) were 
calculated to estimate which of the detected volatiles contribute to the overall chocolate 
aroma. As chocolate is a fat-continuous dispersion, oil was chosen as the reference matrix. 
Hereby, it was measured that nine odorants had OAV smaller than 1 making them unlikely to 
contribute to the chocolate aroma. The dominant odorant identified in the chocolates was 
acetic acid, which was lowest in GH (OAV=104) and highest in VN2 (OAV=366). This trend 
confirms the aforementioned observation of the organic acid profiles. The content of acetic 
acid substantially reduced by conching (Owusu et al., 2013) demonstrated by its lower 
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quantity in VN2-C. Furthermore, conching reduced the 2-methylpropionic acid content in VN2-
C. The component 3-methylbutanoic acid was only detected in GH and VN3 chocolate. The 
second most dominant group of odorants was alcoholic compounds from which 2,3-
butanediol was prominent in all samples, followed by 1,3-butanediol. Despite the unknown 
odor thresholds in oil and air (van Gemert, 2003), these two alcohols, presenting in substantial 
amounts, are expected to have an important impact on chocolate flavor. Fruit and banana 
flavors were shown to be positively correlated with 2,3-butanediol (Owusu et al., 2013). Again, 
conching (VN2 versus VN2-C) decreased the concentration of these alcoholic volatiles, 
particularly 2-phenylethanol and linalool, to a likely unperceivable level (OAV<1). Regarding 
the content of alcoholic compounds which are characterized by fruity-flowery notes, VN1-C 
appeared to be first in rank, followed by VN2, VN3 and VN2-C, while GH is by far at the fifth 
position. The linalool content was shown to relate to the fermentation method (Gill et al., 
1984). Here, VN3 was richest in linalool followed by GH and VN2. The important aldehyde 
fraction contained isobutanal, 3-methylbutanal and 2-methylbutanal, important odorants 
attributing a distinct dark chocolate flavor and phenylacetaldehyde characterized by a honey-
like, flowery aroma. The three former compounds were most abundant in GH, followed by 
VN2, VN1-C, VN2-C and VN3 while the latter odorant was highest in VN1-C and VN3 than in 
the other samples. These volatiles are formed through Strecker degradation and derived from 
the amino acids valine, leucine, isoleucine and phenylalanine, respectively (Counet et al., 
2002). 
Three esters, namely 1- and 2-phenylethylacetate and butyl benzoate, were detected in the 
highest amount in dark chocolate VN2, followed by VN3, GH, VN2-C and VN1-C. A clear 
reduction of those odorants after conching to a likely undetectable level was found in the dark 
chocolates containing pre-conched cocoa liquors. The impact in the overall flavor of limonene 
can likely not be assessed as flavor-active due to its relatively high odor threshold in air (1.7 
mg.m-3) (van Gemert, 2003). A low odor threshold in air (0.257 mg.m-3) of furfural (van 
Gemert, 2003), in contrast, might contribute to the flowery, green note in chocolate aroma. 
Among the ketones detected, diacetyl was the most abundant and highest in VN2. Further, 3-
hydroxy-2-butanone was detected in relative high concentrations in VN2, VN1-C and VN2-C. 
2-Heptanone and acetophenone, having odor threshold in air of respectively 0.045 mg.m-3 
and 0.0012 mg.m-3 (van Gemert, 2003), might be potentially aromatic contributors. The 
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concentration of 2-heptanone decreased significantly in VN2-C suggesting that the perception 
of banana note was reduced as affected by cocoa liquor conching (Owusu et al., 2013).  
Nitrogen heterocyclic components, such as pyrazines and pyrroles, also derived from Maillard 
reactions, emerged as interesting volatiles in dark chocolate. Cocoa, hazelnut, coffee, roasted, 
popcorn-like attributes of those pyrazines and pyrroles are considered to be highly desirable 
for chocolate flavor (Counet et al., 2002). These components’ concentrations were highest in 
VN2, followed by GH, VN3 and the chocolates from the pre-conched liquors. However, taking 
into consideration OTV in oil, only 2,3,5-trimethylpyrazine would be aroma active in VN2. 
Threshold values in air for methylpyrazine, 2,5-dimethylpyrazine, 2,3-dimethylpyrazine, 2,3,5-
trimethylpyrazine were determined at 1.90, 0.17–1.82, 0.88, 0.05–0.19 mg.m-3, respectively 
(van Gemert, 2003). From this series, probably only 2,3,5-trimethylpyrazine had an aromatic 
contribution in the samples, with highest concentration in VN2, followed by the insignificant 
amounts in VN2-C, VN3, GH and VN1-C. Moreover, VN2 was richest in tetramethylpyrazine, 
more than three times higher than in VN3 and GH. According to Counet et al. (2002), the odor 
threshold in air of tetramethylpyrazine is very low (2 ng.g-1). The additional conching step 
seemed to have a major influence on the total pyrazine level. It is unclear if 2-acetylpyrrole is 
an odor-active component, given an OTV in air of 2 mg.m-3. This volatile was present most 
abundantly in VN2, followed by VN3, GH and VN1-C/VN2-C. 
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Table 2.6: Mean semi quantitative results of headspace concentrations and odor activity value (OAV) of aroma compounds in dark chocolates identified 
by HS-SPME-GC-MS (n=3). 
Compounds Concentration (ng.g-1) Description* OTV OAV (-) KImeas KIlit 
 VN1-C VN2 VN2-C VN3 GH   VN1-C VN2 VN2-C VN3   
Acids              
acetic acid 22113 45413 26360 22237 12930 Sour, vinegar-like 124e 178 366 213 179 647 600 
3-methylbutanoic acid n.d. n.d. n.d. 463±39 397±32 Sweaty 22e <1 <1 <1 21 821 840 
2-methylbutanoic acid n.d. 82±8b n.d. 22±2a 154±24c Sweaty 240e <1 <1 <1 <1 833 856 
2-methylpropanoic acid 28±3a 82±5c 63±8b 45±1b 138±13d  755e <1 <1 <1 <1 749  
Alcohols              
2,3-butanediol 3313±201c 2614±219b 2065±366a,b 2439±250b 1650±153a Sweet, flowery      756 768 
1,3-butanediol 4533±335c 1749±252b 1453±218b 1795±177b 651±26a Sweet, flowery, caramel      764  
2-phenylethanol 59±3a 577±68d 105±4b 267±15c 345±25c,d Flowery 211e <1 3 <1 1 1083 1091 
benzenemethanol 78±4b,c 68±3a,b 60±6a 89±4c 89±8c       1001 1005 
linalool 13±1a 60±6b 8±1a 96±6d 73±4c Flowery, fruity, tea-like 37f <1 2 <1 3 1081 1082 
Aldehydes              
isobutanal 14±2a 13±0a 13±1a 15±2a 24±2b Cocoa, chocolate 3.4e 4 4 4 4 611 542 
3-methylbutanal 127±4b 160±12b 106±1a 92±6a 128±5b Cocoa, chocolate, malt 5.4-13e 10-24 12-30 8-20 7-17 660 650 
2-methylbutanal 27±3a,b 20±2a 14±13a,b 22±1a 37±2b Cocoa, chocolate, 3.4-10e 3-8 2-6 1-4 2-6 667 664 
benzaldehyde 276±8a 351±30b 259±25a 221±9a 412±34b Bitter, almond-like 5000g <1 <1 <1 <1 692 692 
phenylacetaldehyde 130±12c 92±4a 94±12a,b 122±14b,c 86±10a Honey-like, flowery 22f 6 4 4 6 1007 1007 
hexanal 147±10d 82±8a,b 119±3c 73±6a 97±5b Green 120-300e ≤1 ≤1 ≤1 ≤1 777 777 
nonanal 277±15b 279±43a,b 200±6a 333±144a,b 145±19a Soapy 1000e <1 <1 <1 <1 1079 1079 
Esters              
1-phenylethylacetate 6±0a 68±6c 4±3a 27±4b 19±2b Fruity, sweet      1215 1167 
2-phenylethylacetate 54±4a 714±17d 109±4b 327±13c 139±15b Fruity, sweet, flowery 137e <1 5 1 2 1228 1228 
butyl benzoate 24±2a 118±5d 51±3b 92±7c 93±6c Flowery      1383 1383 
Furans              
Furfural 51±3c 21±1a 33±2b 39±4b 37±4b Flowery, green      799 800 
2(3H)furanone dihydro 7±0a 34±2b 14±2a 89±8c 42±5b Sweet      986  
-3-hydroxy-4,4-dimethyl              
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x ± y: average ± standard deviation; a,b,c,d: different letters indicate significant differences (p<0.05) between chocolates following One-way Anova the post-hoc 
test; *: flavornet.org; pherobase.com; e OTV according to van Gemert (2003);  f OTV according to Frauendorfer and Schieberle (2006); g OTV according to 
Forsgren et al. (2011); n.d.: not detected; Mass spectra (MS) was tentatively identified using both Wiley library and Kovats retention index (KI); KImeas: Kovat 
retention index measured using alkanes; KIlit: Kovat index from literature. Sources of Kovat index values are from webbook.nist.gov or pherobase.com. 
Hydrocarbons              
Limonene 80±1c 66±5a,b 61±5a 76±6bc 102±6d Citrus-like      1021 1021 
Ketones              
diacetyl 24±2b 48±1c 25±2b 15±1a 25±3b Buttery 3-4.5e ≤8 ≤16 ≤8 ≤5 620 619 
3-hydroxy-2-butanone 214±21b,c 270±37c 164±21b 66±7a 71±9a Butter, cream      692 692 
γ-butyrolactone 124±11 136±7 133±17 138±10 112±15 Cheesy      854 865 
2-heptanone 38±2a 53±5c 42±4a,b 46±6a,b 55±8c Banana-like, fruity 1500e <1 <1 <1 <1 865 868 
5 hydroxy-2-decenoic n.d. n.d. n.d. 44±4b 25±2a Sweet, coconut 400e <1 <1 <1 <1 1225  
acetophenone 35±1b 98±8d 15±1a 64±5c 43±5b Pungent, sweet      1034 1033 
Pyrazines and pyrrole              
methylpyrazine 11±2a 11±2a 12±0a 91±8c 51±1b Cocoa, hazelnut, green 27000e <1 <1 <1 <1 795 795 
2,5-dimethylpyrazine 27±3a 42±2b 40±2b 53±4c 72±6d Popcorn 2600e <1 <1 <1 <1 882 887 
2,3-dimethylpyrazine 37±2a 48±1b,c 45±4a,b 37±3a 55±4c Hazelnut, roasted,  baked      889 890 
2,3,5-trimethylpyrazine 57±4a 267±40b 81±10a 66±3a 98±7a Roasted 290f <1 1 <1 <1 973 974 
tetramethylpyrazine 200±9b 2421±122d 132±5a 645±29c 761±58c Milk coffee, mocha, 38000e <1 <1 <1 <1 1060 1065 
2,3,5-trimethyl- 26±2b 255±12d 14±1a 44±4c 47±4c Hazelnut, roasted      1136 1135 
6-ethylpyrazine              
2-acetylpyrrole 64±3a 226±11d 81±11a 183±17c 132±5b Popcorn-like, musty,      1018 1064 
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PCA was applied to emphasize the variation in the obtained data set, and visualize patterns. 
This multivariate data analysis was done on 15 data matrices (five samples – three repetitions) 
obtained by measuring aroma compounds. Figure 2.1 shows the two first principal 
components, together explaining 64% of the total variance (37% for PC1 and 27% for PC2). 
The PCA score plots reveals well-clustered data points for the replicates and classified three 
groups of dark chocolates based on their flavor properties, more specifically GH – VN3, VN2 
and VN2-C – VN1-C. The first cluster, GH and VN3, were highly related to isobutanal and 2-
methylbutanal, linalool, 2-heptanone, 2-phenylethanol and 2-acetylpyrrole. The second 
group, VN2 chocolate, could be associated with acetic acid, acetophenone, 1- and 2- 
phenylethylacetate, 3-methylbutanal, tetramethylpyrazine, 2,3,5-trimethylpyrazine and 
diacetyl. The last group, VN1-C and VN2-C, was characterized by hexanal, phenylacetaldehyde, 
and 1,3- and 2,3-butanediol. 
 
Figure 2.1: First and second principal component of the volatile aroma composition of dark 
chocolates as affected by cocoa liquor type 
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2.5 DISCUSSION 
The high moisture and relatively low fat content of VN1 compared to VN2 liquors explained 
the poor flow behavior during ball-milling. Pretreating the cocoa liquors VN1 and VN2 by 
conching resulted in moisture reduction due to evaporation, especially during the early phases 
of conching (data not shown), as stated by Beckett (2008). Prior to conching VN1 and VN2, a 
negative correlation (R = -0.88) was observed between the moisture content and pH of the 
four cocoa liquors. Dark chocolate contains commonly 0.5– 1.5% moisture, mostly in the cocoa 
solids, without drastically affecting the flow properties (Afoakwa et al., 2007). Nevertheless, 
small changes in flow parameters are expected within this range. Strong negative correlations 
were found between σCA and the parameters D[43] (R = -0.97), D[v, 0.1] (R = -0.85), D[v, 0.5] 
(R =-0.89) and D[v, 0.9] (R = -0.95). Chocolate yield value depends on interparticle interactions, 
which is determined by its specific surface area (Bolenz & Manske, 2013). The narrower PSD 
of VN1-C resulted in a relative high yield value. The ηCA of VN2 was significantly higher than 
that of VN2-C suggesting that more free fat was created during liquor pre-conching and/or a 
moisture content difference of 0.3% in the low moisture range had an impact on the plastic 
viscosity. According to Afoakwa et al. (2007), the presence of moisture at sugar particle 
surfaces increases friction and apparent viscosity. The cocoa liquors VN1-C and VN2-C, 
resulting in the lowest ηCA, both were pretreated by ball milling and conching. Moreover, the 
Casson viscosity of VN1-C was significantly lower than that of VN2-C. The liquor of the former 
chocolate experienced more extensive ball mill processing due to its low fat and high moisture, 
which might have led to the creation of more free fat than in the other sample(s). Strong 
positive correlations were found between ηCA and the particle diameters D[43] (R = 0.87), D[v, 
0.1] (R = 0.80), D[v, 0.5] (R = 0.88) and D[v, 0.9] (R = 0.85). As this is in contrast with Servais et 
al. (2002), the hypothesis of “free fat” seems acceptable. In fact, more fine particles increase 
the specific surface which needs to be coated by fat, thus leaving less free fat to aid chocolate 
flow (Beckett, 2008). Conversely, the viscosity is highly dependent on the packing efficiency 
which means that the smaller particles fill the voids created by the larger particles and 
promote flow (Bolenz & Manske, 2013). Chocolates’ plastic viscosity is influenced by the free 
fat content as the higher this parameter, the larger the distance between the solid particles 
and the lower the viscosity (Servais et al., 2002). Although relatively high correlations between 
pH and acetic acid/lactic acid content were documented in cocoa liquors (Holm et al., 1993; 
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Jinap & Dimick, 1990), such relationships were not found in this study. Results show that liquor 
conching improved the independence of acidity on the volatile acids in chocolates, thus 
enabling total nonvolatile acids to become dominant factors in assessing acidity (R = -0.74). 
This finding is supported by Baigrie and Rumbelow (1987) and Chick et al. (1982) who stated 
that no single acid is responsible for pH and acidity score differences, but the cumulative effect 
of level variations of all acids and the interactions with complexes of other flavor components 
rather adequately explain the perceived acid taint. In addition to differences between origins, 
variability in non-volatile organic acids within the VN chocolates was also observed, which can 
be mainly explained by different postharvest practices and cocoa fermentation conditions. 
Jinap and Dimick (1990) observed that highly acidic samples contained lower amounts of citric 
and oxalic acid. Higher citric acid levels measured in VN chocolates might be due to higher 
cocoa bean’s pulp content which is rich in citric acid, and/or a difference in fermentation 
duration where citric acid conversion to lactic and acetic acid takes place. Regarding the effect 
of conching to chocolate aroma, in agreement with Counet et al. (2002), most aldehydes, 
herein 3-methylbutanal and benzaldehyde in VN2-C, were partially lost by evaporation and/or 
further chemical reactions during conching. In contrast, isobutanal, 2-methylbutanal, 
phenylacetaldehyde and nonanal content remained relatively unchanged following liquor pre-
conching. According to Hoskin and Dimick (1983), the temperature and amounts of amino 
acids and reducing sugars during conching are insufficient for Maillard reaction, however, 
conflicting studies showed that remaining Amadori compounds, free amino acids and certain 
dipeptides after roasting and drying, act as potent precursors of the Strecker aldehydes during 
conching (Frauendorfer & Schieberle, 2008). However, neither detailed information about 
roasting conditions nor precursor content was available in this study, making it impossible to 
confirm whether Strecker degradation was incomplete at the end of roasting process. 
Therefore, in agreement with Owusu et al. (2012), conching the cocoa liquor VN2 at high 
temperature and long duration may have generated certain levels of some Strecker aldehydes 
compensating those lost through evaporation. Surprisingly, the level of hexanal unwantedly 
increased in conched samples. Counet et al. (2002) stated that conching can significantly 
increase the concentration of the least volatile compounds, for instance, trimethylpyrazine, 
tetramethylpyrazine, acetyl pyrroles and furfural. In this study, cocoa liquor conching prior to 
its application in dark chocolate significantly decreased all those mentioned volatiles’ level 
with the exception of an increase in the furfural content in the final chocolate (VN2-C versus 
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VN2). VN chocolates were characterized by the high intensity of acidic, fruity and flowery 
aroma compounds. It is evident that three clusters of dark chocolates corresponded to 
differences in acidity in which the lower acidity coupled with the higher chocolate aroma 
concentration which can be linked to the flavor perception as noted by Jinap et al. (1995a) 
and Portillo et al. (2007). Volatiles from pre-conched chocolates were negatively correlated 
with typical chocolate aroma compounds. Therefore, improving acidity of cocoa liquors by 
extra conching was not favorable due to the unwanted removal of several desirable 
compounds. Prolonged conching reduced the amounts of volatile acids, alcohols, 3-
methylbutanal, benzaldehyde as well as several lesser volatile pyrazines including 
trimethylpyrazine, tetramethylpyrazine, acetylpyrroles. However, this treatment increased 
furfural and did not affect significantly the level of isobutanal, 2-methylbutanal and 
phenylacetaldehyde probably due to the compensation from further reaction to form Strecker 
aldehydes during conching.  
2.6 CONCLUSIONS 
It can be concluded that liquor pre-conching cannot compensate the flavor imbalance in high 
acidic cocoa liquor as both highly and less volatile, desired aroma compounds are partially 
removed. Hence, postharvest processing targeting intermediate pH seems the best option to 
fully exploit the flavor potential of VN cocoa ensuring high-quality chocolate exhibiting specific 
fruity and flowery odor notes. 
 
Among the three commercial cocoa mass from Vietnam, only VN3 was proven to be of good 
quality and have intermediate acidity. The prolong pre-conching did not result in significant 
improvement for cocoa liquor. Therefore, further chapter needs to assess the quality of beans 
from this source VN3 provided by the same company. 
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CHAPTER 3: ASSESSING COCOA AROMA QUALITY BY 
MULTIPLE ANALYTICAL APPROACHES 
 
This chapter is redrafted after: 
P. D. Tran, D. Van de Walle, N. De Clercq, A. De Winne, D. Kadow, R. Lieberei, K. Messens, D. N. Tran, 
K. Dewettinck and J. Van Durme. 2015. Assessing cocoa aroma quality by multiple analytical 
approaches. Food Research International, 77: 657-669.  
3.1 ABSTRACT 
In this study the quality of 26 fermented cocoa beans from 4 different countries (Vietnam, 
Indonesia, Peru and Ghana) is assessed by means of both a compositional analysis (amino 
acids, reducing sugars, polyphenols and lactic acid) and profiling of their volatile aroma 
composition (Mass Spectrometry (MS)-fingerprinting and Headspace-solid Phase Micro-
extraction-Gas Chromatography–Mass Spectrometry (HS-SPME-GC–MS)) following high 
roasting processing (30 min at 150°C). Compared with the labor-intensive measurement of 
cocoa precursors, MS-fingerprinting on the cocoa headspaces appeared to be a very powerful 
and fast classification technique. Different cocoa groups were researched having unique 
organoleptic characteristics which were affected by fermentation, roasting conditions and 
geographical origin. A clear separation of fine flavor cocoa (Criollo variety), well 
fermented/roasted cocoa and low quality cocoa could be made. Additionally, the clustering 
was confirmed by more conventional HS-SPME-GC–MS aroma analyses on the cocoa samples. 
Several markers for the bean origin/quality were identified. Roasting degrees were also 
calculated based on typical pyrazine ratios. 
3.2 INTRODUCTION 
Chocolate, the most appealing confectionery item worldwide, is unique due to its specific 
organoleptic properties. A combination of analytical methods can be applied to determine 
aroma related compounds in cocoa beans (Luykx & Van Ruth, 2008). However, due to the 
consumer's increasing demand for high quality cocoa products, the chocolate industry is 
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highly interested in a more rapid analytical technique for cocoa aroma quality classification. 
Such advanced aroma analyses would be applied for quality assessment of cocoa beans having 
specific genotypic, geographical and processing properties. Indeed, the quality and flavor of 
cocoa is not only the result of genotype and geographical origin, but also of post-harvest 
treatments including fermentation and roasting (Ramli et al., 2006). 
Fermentation of harvested cocoa is of utmost importance, since aroma precursors are formed 
during both anaerobic and aerobic fermentation phases. Indeed, roasting of non-fermented 
cocoa beans does not deliver sufficient aroma compounds to produce high quality chocolate. 
The fermentation degree of cocoa beans can be determined by several quality parameters. 
The fermentation index is a commonly used marker with values above 1 being indicative of 
well-fermented cocoa beans (Ilangantileke et al., 1991). Secondly, the polyphenol content 
which is reduced by oxidation, condensation and complexation reactions during cocoa 
fermentation can also be used as cocoa quality indicator (Ramli et al., 2006). Enzymatic 
browning of polyphenols occurs at subsequent drying and further reduces their initial content 
(Kyi et al., 2005). Generally, it is accepted that with increasing fermentation time, lower 
amounts of polyphenols and/or epicatechin levels are present in cocoa beans (Caligiani et al., 
2007). Polyphenol compounds reduce the cocoa flavor when binding with aroma precursors 
or aroma compounds formed during roasting (Misnawi et al., 2004). Fresh non-Criollo cocoa 
beans contain purple anthocyanin pigments, namely 3-β-galactosyl- and 3-α-L-arabinosyl-
cyanidins which are hydrolysed by glycosidases, resulting in a bleaching of the cotyledons 
during fermentation (Forsyth & Quesnel, 1957). Besides phenolic substances, the presence of 
aroma precursors formed during fermentation, such as free amino acids, short-chain peptides 
and reducing sugars can also be linked to the desired cocoa flavor development during the 
roasting step via the Maillard reaction (Afoakwa et al., 2008b). 
The abovementioned precursors determine the degree of Maillard reaction products, mainly 
aldehydes and pyrazines (Afoakwa et al., 2008b), that can be formed during roasting of cocoa. 
Roasting results in the formation of primarily three methylpyrazines. Specifically, 
tetramethylpyrazines (TMP) reaches its maximum level at medium roasting levels. 
Trimethylpyrazine (TrMP) increases steadily while 2,5-dimethylpyrazines (DMP) only increases 
under strong roasting conditions. Based on sensory evaluation, a normal degree of roasting 
relates to a high concentration ratio of TMP/DMP and TMP/TrMP between about 1.5 and 2.5, 
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while values below indicate over-roasted samples exhibiting a burnt, coffee-like taste 
(Beckett, 2011). Over-roasted samples show significant levels of 2,5-dimethylpyrazine and 
have TMP/TrMP ratios below 1.0 . 
As mentioned earlier, another aspect that highly defines cocoa flavor is the origin of the raw 
cocoa beans (Frauendorfer & Schieberle, 2006). Several analytical methods have long been 
established to predict the flavor properties of final products. However, those involve several 
labor intensive procedures for determining cocoa precursors, acids and polyphenols in order 
to measure the degree of difference of fermented cocoa quality in relation to origins and 
genotypes (de Brito et al., 2001; Jinap et al., 2004; Luna et al., 2002; Noor-Soffalina et al., 
2009; Rohsius et al., 2006). Alternatively, the use of HS-SPME-GC–MS has become increasingly 
popular in cocoa flavor studies due to a number of advantages such as high sensitivity, 
selectivity and reproducibility (Cambrai et al., 2010; Hernández & Rutledge, 1994).  
Recently, the applicability of electronic nose techniques, sometimes in combination with GC–
MS and sensory evaluation has been explored for assessing the condition of food and origin. 
Several commercial applications were successfully introduced for differentiation of olive oils 
(Guadarrama et al., 2001), wines (Penza & Cassano, 2004), orange juices (Steine et al., 2001), 
flaxseeds oils (Wei et al., 2014) and propolis (Cheng et al., 2013). However, to the best of our 
knowledge only limited studies applied this technique for assessing the cocoa quality. Gu et 
al. (2013) used electronic nose technology for the evaluation of the aroma variation in 
fermented, dried cocoa samples from different countries including China, Indonesia and 
Papua New Guinea. Olunloyo et al. (2012) developed a prototype electronic nose for 
monitoring the quality of cocoa beans originated from Nigeria. These traditional electronic 
nose systems rely on a sensor array response after being exposed to a complete aroma, 
without separation of individual aroma components, and using pattern recognition software 
for data processing and correlation with origin data. Although showing numerous advantages 
such as simplicity, time saving and economical aspect (Franke et al., 2005), this system 
encountered major problems, i.e. drift, instability due to water vapor or carbon dioxide, need 
for frequent calibration, sensor poisoning and poor sensor-to sensor and instrument-to-
instrument reproducibility (Marsili, 2001). Mass fingerprinting based techniques, a 
hyphenated HS-SPME-MS nose configuration, were already successfully applied on coffee 
powders for objective measurement of different parameters influencing roasted coffee flavor 
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(Balaban et al., 2004). The combination of mass fingerprinting and pattern recognition 
techniques will be referred to as ‘MS-fingerprinting’ throughout this manuscript. 
To the best of our knowledge, no research was done on the application of MS-fingerprinting 
to assess cocoa quality and origin. The aim of this work was to develop a rapid and reliable 
analytical method to differentiate roasted fermented cocoa beans according to their origins 
and fermentation degree. The results were linked to compositional differences and roasting 
degree. 
3.3 MATERIALS AND METHODS 
3.3.1 COCOA SAMPLES 
Dried and fermented cocoa beans were collected from four different origins as specified in 
Table 3.1. Samples from Vietnam were prepared under identical fermentation and drying 
conditions by inserting net-bags containing different clones in one homogenous batch. 
Specific information on fermentation and drying conditions for the other origins is not 
available, as this information was kept confidential by their suppliers. From the moment of 
arrival the dried cocoa beans were manually deshelled and stored in sealed glass recipients 
under cooled (4°C) and dark circumstances until further sample preparation and analysis. 
Table 3.1: Fermented dry cocoa beans from four origins. 
Code Clone/variety Hybrid name Origin Supplier 
VN2 Forastero x Forastero TD2 Vietnam Puratos Grand Place 
VN3 Trinitario x Forastero TD3 Vietnam Puratos Grand Place 
VN5 Trinitario x Forastero TD5 Vietnam Puratos Grand Place 
VN6 Trinitario  TD6 Vietnam Puratos Grand Place 
VN8 Forastero TD8 Vietnam Puratos Grand Place 
VN9 Trinitario x Forastero TD9 Vietnam Puratos Grand Place 
VN10 Trinitario x Forastero TD10 Vietnam Puratos Grand Place 
VN11 Forastero x Forastero TD11 Vietnam Puratos Grand Place 
IN1 Forastero ICCRI 03 Indonesia PTPN X 
IN2 Forastero TSH 858 Indonesia ICCRI  
G2 Forastero PA7xIFC5 Ghana Cocoa research institute 
G6 Forastero PA7xC3002 Ghana Cocoa research institute 
G8 Forastero PA121xIFC5 Ghana Cocoa research institute 
G12 Forastero T60/887xC1018 Ghana Cocoa research institute 
G18 Forastero PA7xC3019/308 Ghana Cocoa research institute 
G25 Forastero PA150xMAN15-2 Ghana Cocoa research institute 
G27 Forastero T85/799xP30 Ghana Cocoa research institute 
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G32 Forastero PA121xC6035 Ghana Cocoa research institute 
P1 Mixture Satipo Peru cocoa farmers 
P2 Mixture Moyobamba Peru cocoa farmers 
P3 Criollo Piura Peru APPROCAP  
P4 Criollo Tumbes Peru ARPROCAT  
P5 Mixture San Ignacio Peru market 
P6 Hybrid Cuzco Peru market 
P7 Mixture Amazonas Peru cocoa farmers  
P8 Trinitario Inamabari Peru market 
 
3.3.2 CHEMICALS 
Unless otherwise specified, all chemicals used were of analytical grade and purchased at 
Merck (Darmstadt, Germany). Water was purified in a Milli-Q water purification system 
(Millipore, Bedford, MA, USA). 
3.3.3 QUALITY DETERMINATION OF UNROASTED FERMENTED COCOA BEANS 
The fermentation quality was determined using several analyses according the methods given 
in (Atlas, 2010).  
3.3.3.1 FERMENTATION INDEX VALUE 
50 mg of ground cocoa nibs were extracted using 50 ml of methanol-hydrochloric acid (97:3 
v/v). The mixture was extracted under cold conditions with vigorous stirring for about 2 
hours. The solution was then centrifuged at 15000 rpm and the filtrate absorbance was 
finally measured at 460 nm and 530 nm respectively using the spectrophotometer. The 
fermentation index value of the samples was then obtained by calculating the ratios of the 
absorbance at 460 nm and 530 nm (fermentation index = A460/A530). 
 
3.3.3.2 DEFATTING THE COCOA BEANS 
Two grams of lyophilized cotyledons were milled to a fine powder with a particle size of about 
1 µm in a Retsch MM 200 (Germany) laboratory mill with 10 ml of n-hexane for fat removal. 
The pulverized sample then was rinsed 2 times with 50 ml of 40–60oC petroleum in a Buchner 
funnel to reduce the residual fat content to lesser than 5%. Subsequently, the defatted 
powder was dried in a vacuum oven at room temperature and 100 mbar. 
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3.3.3.3 THE TOTAL PHENOLIC SUBSTANCE  
The total phenolic substance was determined with an adapted Folin–Ciocalteu procedure 
(Singleton & Rossi, 1965). The phenolic compounds were extracted by agitating 0.1 g of the 
fat-free sample on ice three times with 25 ml 60% aqueous acetone with constant shaking. 
After each extraction, the sample was treated in ultrasonic bath for 3 minutes (Sonorex Super 
RK 510 H, Bandelin, Berlin, Germany) and centrifuged at room temperature at 4100 rpm for 
10 min (Laborfuge GL, Heraeus Christ, Osterode, Germany). The three supernatants were 
combined in a flask containing 2mL of glacial acetic acid. The acetone was removed by rotary 
evaporation under partial vacuum at 40oC and 80 mbar (LABO Rota SE 320, Resona Technics, 
Gossau, Switzerland). The aqueous phase obtained was adjusted to 100 ml with Milli-Q Plus 
water in a volumetric flask. In order to develop a colored complex, 1 ml of this diluted solution 
is pipetted into a 10 ml volumetric flask, followed by the addition of 0.5 ml Folin-Ciocalteus-
Phenol reagent (Merck-No. 109001), 2 ml of 20 % Na2CO3 solution and finally diluted to 10 mL 
with Milli-Q Plus water. The colored complex developed was stabilized by incubating in water 
bath at 70°C for 10 minutes. The probe solution was then cool down to 20°C and transferred 
into a 1 cm cuvette and measured using the photometer (Ultrospec 3000, Pharmacia Biotech, 
Freiburg, Germany) at 730 nm against a blank value. The content of total polyphenols was 
determined at equivalents of (-)-epicatechin. 
 
3.3.3.4 POLYPHENOLS 
Polyphenol profile was analyzed using RP-HPLC (Reversed Phase High Performance Liquid 
Chromatography) equipped with a Photodiode Array Detector (PDA). Hundred mg of the 
defatted cocoa powder was weighed in a centrifuge tube (16 × 100 mm), 5 ml of methanol 
added and the mixture stirred for 20–30s with an Ultra-Turrax T25 (Ika Labortechnik, Staufen, 
Germany) agitator. The agitator was then rinsed with 2 ml of methanol and the solutions 
combined. The extracted sample was sonicated for 3 min, cooled for 15 min at 0°C, and then 
centrifuged for 10 min at 4100 rpm. The methanolic supernatant containing phenolic 
compounds was decanted into a 50 ml pear-shaped flask. The extraction was repeated 3 
additional times, with a cooling phase of only 2 min. The methanol was removed from the 
combined extracts by rotary evaporation under partial vacuum at 40°C and 100 mbar. 
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Subsequently, the residue was dissolved in 1.5 ml methanol (Lichrosolv®). The sample was 
transferred into an HPLC vial through a 0.45 μm syringe filter (PTFE Multoclear, CS-
Chromatographie Service, Langerwehe, Germany). The vial was sealed hermetically and the 
sample stored at −20°C until further analysis. The probe was then measured against a 
calibrated series by HPLC. Identification and quantification of the peaks were done using 
standard solutions of catechin and epicatechin as references. Chromatographic analyses were 
carried out on a HPLC system equipped with an AS-4000 (Merck, Darmstadt, Germany) 
automatic injector, two Knauer (Berlin, Germany) HPLC pumps 64, a Knauer HPLC programme 
50 solvent controller, a Waters (Eschborn, Germany) 996 Photodiode Array Detector (PDA) 
and analyzed by means of Millennium TM 3.2 software (Millipore Corporation, Milford, MA, 
USA). Separation of polyphenols was performed on a Waters Novapac C18 column at 26 °C. 
The binary mobile phase (consisted of 2% acetic acid in water (A) and a mixture of acetonitrile, 
water and concentrated acetic acid (400/90/10 v/v/v) (B). Gradient (A + B = 100% v/v): (1) 8 
min 90% A, (2) 8–38 min 90% A, (3) 38–41 min 77% A, (4) 41–49 min 10% A and (5) 49–60 min 
90% A. Twenty microliter of sample was injected onto the column. The separation of 
polyphenols was monitored using a PDA detector at 280 nm and anthocyanins were recorded 
at 540 nm. Identification of each peak was confirmed by comparison of retention time and co-
elution with authentic standards of protocatechuic acid (Aldrich), catechin hydrate (Fluka), 
epicatechin (Sigma), 3-α-L-arabinosyl cyanidin and 3-β-D-galactosyl cyanidin (polyphenols AS). 
3.3.3.3 FREE AMINO ACIDS  
Free amino acids were quantified using RP-HPLC equipped with a Hitachi F-1050 Fluorescence 
Spectrophotometer. Free amino acid contents were analyzed according to the method 
described by Kirchhoff et al. (1989), but being slightly modified: 100 mg defatted, milled cocoa 
powder was stirred at 4 °C for 1 h with 280 mg polyvinyl–polypyrrolidone (PVPP) and 10 ml 
H2O. Immediately after adding water, the pH-value was adjusted to pH 2.5 with 50% aqueous 
trifluoroacetic acid solution. The solution was centrifuged for 10 min at 4100 rpm (Labofuge, 
Heraeus Christ). The clear supernatant solution was filtered through a 0.45 μm filter 
(Multoclear, 25 mm PTFE, CS-Chromatography Service). 30 μl of the filtrate was lyophilized (1 
h; −20 °C, 0.05 mbar) directly in the vial and kept at −20°C until analyzed. Free amino acids 
were separated with a reversed phase HPLC apparatus after they had been converted to 
phthalaldehyde (OPA) derivatives. A LichroCART 250-4 (Merck) column was use for separation 
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with pre-column Lichrospher 100 RP-18 (5 μm). The separation was done under the following 
conditions; column temperature: 30°C; eluent: A: 1.6 l sodium acetate solution/glacial acetic 
acid (50 mmol.L-1; pH 6.2), 50 ml MeOH (Lichrosolv®, gradient grade), 20 ml tetrahydrofuran 
(Lichrosolv®; gradient grade). B: 200 ml sodium acetate solution/glacial acetic acid (50 mmol.L-
1; pH 6.2), 800 ml MeOH (Lichrosolv®, gradient grade); flow rate: 1.3 ml.min-1. The column was 
equilibrated with eluent A. Gradient (A + B = 100% v/v): (1) 2 min 100–85% A, (2) 13 min 85–
70% A, (3) 6 min constant 70% A, (4) 19 min 70–0% A, (5) 5 min constant 0% A, (6) 5 min 0–
100% A, (7) 5 min constant 100% A. The following configuration was applied: Hitachi F-1050 
Fluorescence Spectrophotometer (λex = 334 nm, λem = 425 nm); Autosampler: Merck-Hitachi 
AS-4000. For the HPLC measurement, 800 μl of borate buffer (200mmol.L-1 boric acid; 
adjusted to pH 9.5 with concentrated KOH, boiled for 5 min) was given to the lyophilized 
samples. Standard solutions contained 125–1000 ng.ml-1 of each amino acid, dissolved in 
borate buffer. Subsequently 400 μl OPA reagent was added to these solutions prior to each 
injection. Preparation of OPA-reagent: 100 mg ortho-phthalaldehyde (Merck, No. 11452) 
previously solubilized in 2.5 ml MeOH (Lichrosolv®, gradient grade) plus 22.4 ml borate buffer 
(pH 9.5) plus 100 μl 2-mercaptoethanol (Merck, No. 15433). OPA-reagent was made 24 h 
before being used. After injection of 20 μl of this mixture, the derivatization was stopped 
exactly after 2 min by passing the eluent into the column. The solution was degassed using a 
Degassex DG-4400 (Phenomenex). To quantify the results peak areas were correlated to 
standard mixtures containing 1–10 pmol.μL-1 of each amino acid. Standard deviations of 
reference substances were equal to ±2.0% except for glutamic acid, glutamine, alanine and 
tryptophan (±2.9–3.8%); arginine, asparagine, threonine and serine (±5.7–7.3%); glycine 
(±9.2%) and lysine (±9.6%).  
3.3.3.4 REDUCING SUGARS  
Reducing sugars were determined by HPLC equipped with a refractometer (differential 
refractometer R 401, Waters) for detection. 100 mg of defatted cocoa powder was added 
to 1 ml of pre-warmed deionized water. Extraction of the sugar was done by vortexing the 
mixtures for 1 hour in the thermocycler (Thermomixer comfort, Eppendorf ) at 80 °C. 
Subsequently the samples were centrifuged for 10 min at 13000 rpm (centrifuge: 
Biofugefresco, Fa Heraeus Instruments). The resulting supernatant in the ratio of 1:4 was 
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diluted with acetonitrile and re-centrifuged for 10 min at 13000 rpm. The clear supernatant 
was filled into an HPLC vial and measured against calibration series. 
The separation and detection of the sugars was carried out by the HPLC, with a 
Millennium®32 Version 3.20 Chromatography Manager software (Waters Co.), an 
autosampler (Waters 717 plus Fa), a pump (HPLC pump 64 analytical pump head, Knauer), 
a vacuum degasser (Knauer) for degassing the eluent and a refractometer (differential 
refractometer R 401, from Waters) for detection. Through a digital converter (bus SAT/IN 
Module, from Waters), the sugar contents were measured on the refractometer and the 
values  transmitted on the Millennium®32 Chromatography Manager software for 
conversion. The separation was performed on a Hypersil APS column (particle size: 5 µm, 
length: 125 mm, inner diameter: 4 mm, from Shame Beck) with a Hypersil APS guard 
column (particle size 5 µm, length 10 mm, inner diameter of 4 mm, from Shame Beck). The 
flow rate was 1.0 ml/min, with a column temperature of 30°C. The samples were 13 min 
isocratically separated with a mixture of acetonitrile and deionized water, 88/12 (v/v) as 
eluent and then subsequently detected by refractometry. To quantify the different peaks, 
concentrated standard solutions of glucose (1,1 mg/ml), fructose (1,4 mg/ml) and sucrose 
(1,2 mg/ml) were used as reference solutions. In each case, 50 µl of sample were injected. 
 
3.3.3.5 ORGANIC ACIDS 
The amount of lactic acid was determined according to the RP-HPLC method using a UV 
detector. The amounts of acetic and lactic acids were determined according to Tomlins et 
al. (1990).  2 g of ground cocoa cotyledons were transferred into a steel cup containing a 
metal milling ball (Type MM200, Retsch). 10 ml of 0.2% benzoic acid solution is added and 
then extracted by vigorous shaking by a Retsch MM 200 (Germany) laboratory mill at a 
frequency of 50 s-1 for 10 minutes. The homogeneous solution is then transferred into a 20 
ml centrifugation glass and separated at 4100 rpm for 10 minutes using the Laborfuge GL 
Centrifuge (Heraeus Christ). The supernatant is obtained and this is centrifuged once more 
at 13000 rpm for 10 minutes. This final clear supernatant is then stored in plastic 
containers. Conditioning and cleaning the anion exchange cartridge was done by a vacuum 
pump system (Baker-10 SPE system). 2 ml of methanol was run slowly over the anion 
exchange column for about 5 minutes. This elution step was repeated 2 more times using 
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1ml and 2 ml of methanol. The column is then conditioned by 2 ml distilled water for 10 
minutes. 1 ml of the probe solution was run over the pre-conditioned cartridge and eluted 
in a 5 ml volumetric flask. The organic acids are finally eluted by the addition of 3,6 ml 
phosphate elution buffer solution (c = 0.15 mol/L, pH 7.5). The volumetric flask is then filled 
to 5 ml by distilled water. The solution is used for the HPLC measurement equipped with a 
separating column: Cation exchanger Aminex HP-87H (300 mm x 7.8 mm; Bio   Rad); a 
precolumn: Micro-Guard Cation-H cart. (30 mm x 4.6 mm; Bio-Rad); a detector: UV-VIS-
Detector L-7420 (Merck Hitachi), λ = 215 nm; Autosampler 717 plus (Waters); solution 
degaser: Degassex DG-4400, Phenomenex; HPLC Pump 64 (Knauer). HPLC parameters was 
set as follows: column temperature: 25 °C – 27 °C; eluants: c = 0.013 mol/l H2SO4; flow rate: 
0,6 ml min−1. 20 µl of sample were injected and isocratically separated for 17 min with 
H2SO4 as eluent and then subsequently detected by UV. Identification and quantification of 
the peaks was done using standard solutions of lactic acid and acetic acid, prepared by Li-
lactate (Merck) and Na-acetate (Sigma-Aldrich 37) as references.  
3.3.4. QUALITY DETERMINATION OF ROASTED FERMENTED COCOA BEANS 
Prior to analysis, all samples were roasted in the same manner at 150°C for 30 min in a hot air 
oven (Termaks, Lien 79, N-5057 Bergen, Norway). 
3.3.4.1. MS-FINGERPRINTING 
Mass Spectrometry-based electric nose (MS-based e-nose) was used for digital odor 
characterization. The basis of the hyphenated dynamic headspace-chemical sensor 
configuration consisted of a 6890/5973 GC–MS system (Agilent Technologies®, Palo Alto, CA) 
which was equipped with a fully automated sample preparation unit (MultiPurpose Sampler® 
or MPS®, GERSTEL®, Mülheim an der Rur, Germany) for online dynamic headspace isolation 
of cocoa aroma compounds. HS SPME - Chemical Sensor analysis was performed on 26 
samples (5 replicates) from different geographical origins. 2 g of roasted and ground cocoa 
samples was hermitically sealed in 20 ml vials with crimp caps and PTFE-coated silicon septa 
and incubated for 30 min at 60°C in the agitator of the MPS-2. Sorption of the cocoa aroma 
components was performed for 35 min on a DVB/CAR/PDMS fiber (Supelco, Bellefonte, Pa). 
The GC-column was continuously held at 250°C and helium was used as a carrier gas (1 ml.min-
1). The transfer line was maintained at 280°C. The collision energy of the electrons was set at 
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70 eV and was recorded in the m/z range from 40 to 250 amu during a 5min chromatographic 
run. The obtained data were imported into the Pirouette software, generating a data matrix 
which can be visualized as mass fingerprints. During feature selection, some variables were 
excluded from the complete data matrix: m/z 73, m/z 147, and m/z 207 (column bleeding) 
and m/z 213–221, m/z 227–234, m/z 236 and m/z 240–248 (noise since no aroma compounds 
were isolated with headspace-solid phase microextraction (HS-SPME)). The Chemsensor data 
were processed in Pirouette applying two exploratory algorithms, more particularly 
hierarchical cluster analysis (HCA) and principle component analysis (PCA) and one 
classification algorithm, namely soft independent modelling of class analogy (SIMCA). 
3.3.4.2 HS-SPME-GC–MS 
The volatile aroma profiles were recorded using HS-SPME-GC–MS. The isolation of the 
volatiles released was performed using a Multipurpose Sampler (Gerstel, Mülheim an der Rur, 
Germany) equipped with a HS-SPME unit as follows: 2 g of cocoa bean was cut and blended 
with 1 μl internal standard nonane with a concentration of 24.425 μg.μL-1 in hermetically 
sealed 20 ml vials and incubated for 30 min at 60°C in a thermostatic agitator. Next, a well-
conditioned divinylbenzene/carboxen on polydimethylsiloxane on a StableFlex fiber 
(DVB/CAR/PDMS SPME) (Supelco, Sigma-Aldrich N.V., Bornem, Belgium) was exposed to the 
headspace for 35 min at 60°C. This extraction method is based on the work of (Ducki et al., 
2008). Additionally, it was validated that no additional aroma formation processes were 
induced at these extraction conditions. The volatiles were then analyzed with GC–MS, using 
splitless injection, helium as a carrier gas (1 ml.min-1), and a cross-linked methyl silicone 
column (HP-PONA) of 50 m length, 0.20 mm internal diameter and 0.5 μm film thickness 
(Agilent Technologies, Diegem, Belgium). The following time – temperature programme was 
applied: 40°C (5 min), from 40°C to 180°C (5°C.min-1), from 180°C to 250°C (10°C.min-1). 
Injector and transfer lines were maintained at 250 and 280°C, respectively. The total ion 
current (70 eV) was recorded in the mass ranging from 40 to 250 amu (scan mode) using no 
solvent delay and a threshold of 50. Identification of volatile organic compounds in the 
headspace was performed using the Wiley 275 library. Additionally, confirmation of identified 
compounds was done by determination of Kovats indices, determined after injection of a 
series of n-alkane homologues (C5–C13) using the analytical configuration as described above. 
The semi-quantitative concentrations of the identified volatile compounds were expressed as 
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nanograms of nonane equivalents per gram of cocoa bean and calculated as the area of the 
volatile indicator component divided by the response factor of the internal standard nonane. 
For each clone, triplicate isolation, separations, identifications and quantifications of the 
aroma volatiles were performed. 
3.3.5 STATISTICAL ANALYSIS 
Statistical analyses were performed using SPSS 22 (SPSS Inc., Chicago, USA). All tests were 
done at a significance level of 0.05. One-Way ANOVA was used to investigate any significant 
difference between the samples. Testing for equal variances was executed with the Modified 
Levene Test. When conditions for equal variance were fulfilled, the Tukey test was used to 
determine differences between samples. In the case that variances were not equal, the 
Games–Howell test was performed. To visualize the complex data matrix and the relationships 
between the different cocoa beans based on their volatile composition, PCA was performed 
using Unscrambler 6.1 (Camo, Norway) statistical software and Pirouette. 
3.4 RESULTS 
3.4.1 MS-FINGERPRINTING OF ROASTED FERMENTED DRY COCOA BEANS  
Classification analysis was done on 26 roasted cocoa samples by collecting their MS-
fingerprints. As optimal roasting condition is dependent on variety (Reineccius & Heath, 2008), 
the goal of this work is to see how identical roasting condition results in different MS-
fingerprinting profiles of cocoa beans from different countries. After performing PCA, 6 groups 
of clones and responding m/z markers could be identified as illustrated in Figure 3.1. The plot 
reveals that PC1 and PC2 accounted for 83.5% (PC1: 50.18%, PC2: 33.29%) of the variation in 
the sample set. In general, cocoa samples from Vietnam showed the smallest variation with 
respect to each other, followed by those from Ghana while those from Peru had the largest 
interclass distance. These results correlated well to the homogeneity of geographical 
sampling. Cocoa samples from Vietnam and Ghana were collected in one region while those 
from Peru were from different regions in the country. However, despite enormous differences 
in geographical location, it was observed that a number of cocoa clones from Asia were closely 
clustered to those from Ghana. Actually, two groups containing Ghanaian samples were those 
from G2, G18, G6, G8, G32 and those from G25, G27 and G12. The former closely clustered 
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with 2 Vietnamese ones (TD8, TD9), while the latter were nearby the Indonesian ones (IN1, 
IN2). These results indicate that the origin of the cocoa samples is not always dominant in 
determining aroma characteristics, and that cocoa batches from different countries could be 
interchanged. This raises the question whether other factors besides environmental aspects 
may primarily determine the overall aroma properties.  
 
 
 
Figure 3.1: 2D-PCA on 26 roasted cocoa samples from 4 origins analyzed by MS-fingerprinting (PC1: 
50,18%, PC2: 33,29%) 
Vietnam 
Ghana + Vietnam 
Ghana + Indonesia 
Peru Group 5 
Group 1 
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Peru 
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To obtain a better understanding, all analytical results of cocoa bean composition 
measurements that can be correlated with aroma formation were linked to the MS-
fingerprinting findings. Detailed aroma mapping in HS-SPME-GC-MS was performed for a 
selected number of cocoa matrices, which were chosen based on Figure 3.2 presenting the 
MS-fingerprinting results from each origin separately. It can be clearly seen that the m/z 
responses separated clones within one origin into different groups on 2D-PCA. Herein, 
representative samples deviating from the most from others in each origin were recruited, 
including TD9, TD10, TD11, G18, G2, G27, G25, P2, P5, P7, P4, P6, IN1 and IN2. 
3.4.2 LINKING MS-FINGERPRINTING RESULTS TO THE QUALITY PARAMETERS OF 
FERMENTED DRY COCOA BEANS 
The quality parameters of fermented cocoa beans in 26 samples from 4 different countries 
are shown in Table 3.2. The total polyphenol ranged from 42 mg.g-1  to 86.1 mg.g-1 ffdm (fat 
free dry matter) in which epicatechin content varied from 0.3 mg.g-1 to 8.1 mg.g-1  ffdm which 
were in accordance with values from different countries observed by Rohsius (2008). With 
respect to each country, the average total phenolic content in this study was generally lower 
than described (Atlas, 2010). The more fermented beans, the lower total content of 
polyphenols and/or epicatechin levels (Caligiani et al., 2007). Vietnamese samples possessed 
the highest fermentation index explaining their lowest level in polyphenols. The predominant 
polyphenols identified were epicatechin and catechin. Protocatechiuc acid and quercetin were 
not detected. Two anthocyanins found in cocoa seeds were cyanidin-3-galactoside and 
cyanidin-3-arabinoside. The former was only detected in 2 samples, namely P5 and P7 while 
the latter presented in P5, P6, P7 and P8. No anthocyanin was observed in Criollo clones as 
stated in literature (Elwers et al., 2009). A positive correlation was found between the total 
phenolics and epicatechin (R=0.78). Here, the total phenolic and polyphenol profile were 
qualitatively proven to be neither clearly genetically or regionally dependent among the 
clones as stated by previous studies (Elwers, 2002; Elwers et al., 2009; Niemenak et al., 2006). 
Those authors found the common values of polyphenolic compounds in raw cocoa from 
Ghana, Cameroon and Malaysia. In contrast, Delonga and Mazor (2009) stated the 
geographical differences in polyphenol composition in 6 cocoa liquors from 6 countries, 
however, information regarding the genetic materials, growing conditions and fermentation  
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Figure 3.2: 3D PCA of roasted cocoa samples according to origin analyzed by MS-fingerprinting 
Nose 
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 was ambiguous. The polyphenol accumulation in cocoa clones could be explained by the 
interaction of several factors including biodiversity as well as environmental variables (light 
intensity, humidity, temperature, use of fertilizers, wounding, infections or stress factors) 
(Cabrita et al., 2000; Chalker-Scott, 1999; Elwers et al., 2009; Macheix & Fleuriet, 1990; 
Stintzing & Carle, 2004; Vallejo et al., 2003).  
The average total reducing sugars were highest in Vietnamese samples (13.5 mg.g-1 ffdm), 
followed by those from Ghana (9.1 mg.g-1 ffdm), Indonesia (7.6 mg.g-1 ffdm) and Peru 
(4.8mg.g-1 ffdm). The glucose content was in the same range while the fructose level was 
higher in several samples in comparison with those from major countries’ cocoa as recorded 
by Rohsius (2008). Glucose and sucrose content were not optimal in Indonesian and Peruvian 
samples according to the standard (glucose > 0.85 mg.g-1, sucrose <0.76 mg.g-1, fructose > 2.59 
mg.g-1) given by Araujo et al. (2014). No sucrose remained in Vietnamese samples suggesting 
the complete degradation of this sugar by invertase. In contrast, the fermentation was not 
fully ended in G2, IN1, and most of the cases, in Peru samples including P5, P6, P7, P8 
containing high amount of sucrose. The amount of anthocyanins was also found in those 
Peruvian samples.  
The results of total free amino acid contents varied between 4.1 and 29.2 mg.g-1 ffdm, with a 
mean value of 20.5 mg.g-1 ffdm. With the exception of P5, P7, all samples contained high 
amounts of amino acid (>15 mg.g-1) which were comparable to beans from Java (Indonesia), 
Solomon Islands, Dominican Republic, Trinidad and Tobago, Madagascar, Sumatra (Indonesia) 
and Papua New Guinea (Rohsius et al., 2006) and exceeded the optimal range recommended 
for well fermented cocoa beans (8.9-14.9 mg. g-1) (Araujo et al., 2014). Those levels in TD9, 
P3, G12, G27, G5, G25 (>25 mg.g-1) exceeded the highest reported values given by Rohsius et 
al. (2006). However, the data range was in good agreement with the common range of 7-39 
mg.g-1 ffdm on cocoa beans reported in Atlas (2010). Although Vietnamese and Peruvian 
cocoa samples have comparable values in total amino acid with Ghanaian ones in this study, 
those from Ghana samples were higher than reported by  Rohsius et al. (2006) which was 15.4 
(13.8-17.3 mg. g-1). Peru samples exhibited large variation in free amino acid content, being 
lowest in P5, P7. The results does not reflect the dependence of free amino acid content on 
genetic or geographical factors which was different with the finding from Rohsius et al. (2006). 
However, the author also stated that many additional factors may influence the final content 
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of free amino acids including transportation, storage, climate, degree of ripeness, nutritional 
stage of the mother plant. The ratio of hydrophobic to acidic free amino acids reveals the 
degree of fermentation. The proportion of this ratio changes during fermentation from 
33:30% in unfermented cocoa to 58:16% to 46:6% in fermented cocoa (Hashim et al., 1998; 
Kirchhoff et al., 1989; Rohsius et al., 2006). Here, all samples were not considered as 
unfermented giving the ratio higher than 1.1, however, such ratio ranging from 1.8-3.2 were 
lower than 3.6-7.7 for fermented beans according to the classification. This mentioned ratio 
does not seem to be applicable in all scenario since the results from polyphenols, total amino 
acids and reducing sugars were evidently showed the high degree of fermentation in the 
majority of observed samples. It is worth-stressing that the ratio probably changed whether 
applied in commercial mixtures of clones as previously mentioned or this case- study clones. 
Results suggested that the ratio of higher than 2 could be regarded to well-fermented cocoa 
beans in single clones. Asparagine in combination with reducing sugars is generally seen as 
the main precursor for the formation of acrylamide formed via Maillard reactions. Asparagine 
levels in this study differed from 156 to 645 mg.kg−1 being lower than the average of 924 mg 
kg−1 ffdm stated by Rohsius et al. (2006). There exists a positive correlation between 
asparagine and total free amino acid (R=0.76).  
Based on fermentation index, the Vietnamese samples showed the highest degree of 
fermentation (1.38–1.67) and less variation among each other while the Ghanaian and 
Indonesian ones exhibited moderate variation (0.92–1.31), and the Peruvian ones showed 
large variation (0.53–1.64). Samples P2, P5, P7 and P6 had fermentation indices lower than 1 
which indicates a low fermentation degree (Ramli et al., 2006). It is worth mentioning that no 
strong correlation of fermentation index and other quality parameters listed in Table 3.2 was 
observed. Indeed, the identification of the fermentation degree by this color index proved 
only applicable for Forastero beans given the basis of two main absorbance representative of 
violet and brown color. The color of unfermented to fermented beans according to varieties 
is different, for instance, being pure white to light brown in Criollo, and deep purple to deep 
red brown in Forastero due to the level of anthocyanins present. This index, however, is still 
widely considered as a good indicator. Therefore, the results from the analysis of aroma 
precursors, lactic acid and polyphenols were highly considered. Herein, except for three 
samples from Peru (Group 5 — P2, P5, P7), all samples from the four countries proved to be 
well fermented. P5 and P7 were documented to be unfermented beans which was confirmed  
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Table 3.2: Quality parameter of fermented cocoa beans from different origins (n=2). 
 
Clone Group Fermentation 
 index 
Lactic  
acid 
Epicatechin 
Catechin 
 hydrate 
Cyanidin-3 
-Galactoside 
Cyanidin-3 
-Arabinoside 
Total 
 phenolics 
Glucose Sucrose Fructose 
Reducing 
 sugars 
   µg.ml-1 mg.g-1 mg.g-1 mg.g-1 mg.g-1 mg.g-1 mg.g-1 mg.g-1 mg.g-1 mg.g-1 
V
i
e
t
n
a
m
 
TD2 2 1.50 526.4 0.82 0.00 0.00 0.00 50.2 4.85 0.00 8.99 13.84 
  ±0.01 ±2.5 ±0.01 ±0.00 ±0.00 ±0.00 ±1.54 ±0.20  ±0.27 ±0.47 
TD3 2 1.67 569.3 1.30 0.00 0.00 0.00 52.8 9.39 0.00 11.80 21.19 
  ±0.03 ±9.9 ±0.10 ±0.00 ±0.00 ±0.00 ±0.82 ±0.36  ±0.31 ±0.67 
TD5 2 1.62 634.3 1.62 0.00 0.00 0.00 58.8 10.10 0.00 11.52 21.62 
  ±0.03 ±9.6 ±0.24 ±0.00 ±0.00 ±0.00 ±0.17 ±0.52  ±0.93 ±1.45 
TD6 2 1.51 622.8 0.91 0.00 0.00 0.00 42.9 0.00 0.00 13.05 13.05 
  ±0.01 ±12.0 ±0.07 ±0.00 ±0.00 ±0.00 ±0.57   ±0.34 ±0.34 
TD8 3 1.52 469.1 2.13 0.15 0.00 0.00 63.0 0.00 0.00 9.54 9.54 
  ±0.04 ±7.4 ±0.13 ±0.11 ±0.00 ±0.00 ±0.60   ±1.32 ±1.32 
TD9 3 1.52 478.8 3.72 0.26 0.00 0.00 84.3 0.00 0.00 11.42 11.42 
  ±0.01 ±4.7 ±0.14 ±0.03 ±0.00 ±0.00 ±0.70   ±0.45 ±0.45 
TD10 2 1.6 727 0.29 0.00 0.00 0.00 42.0 0.00 0.00 10.01 10.01 
  ±0.01 ±18.6 ±0.02 ±0.00 ±0.00 ±0.00 ±0.23   ±0.13 ±0.13 
TD11 2 1.38 571.3 0.49 0.00 0.00 0.00 53.4 0.00 0.00 7.47 7.47 
  ±0.01 ±7.7 ±0.12 ±0.00 ±0.00 ±0.00 ±0.98   ±1.09 ±1.09 
Average  1.54 574.88 1.41 0.05 0.00 0.00 55.93 3.04 0.00 10.48 13.52 
  ±0.09 ±86.01 ±1.11 ±0.10 ±0.00 ±0.00 ±13.51 ±4.47 ±0.00 ±1.80 ±5.26 
I
n
d
o
n
e
s
i
a
 
 
IN1 4 0.93 573.5 5.33 0.25 0.00 0.00 78.7 0.00 2.81 7.82 7.82 
  ±0.01 ±10.1 ±0.01 ±0.01 ±0.00 ±0.00 ±0.14  ±0.19 ±0.23 ±0.23 
IN2 4 1.31 415.7 4.91 0.44 0.00 0.00 86.1 0.00 0.00 7.36 7.36 
  ±0.00 ±3.3 ±0.21 ±0.03 ±0.00 ±0.00 ±0.73   ±1.22 ±1.22 
Average  1.12 494.60 5.12 0.35 0.00 0.00 82.40 0.00 1.41 7.59 7.59 
  ±0.27 ±111.58 ±0.29 ±0.14 ±0.00 ±0.00 ±5.27 ±0.00 ±1.99 ±0.33 ±0.33 
G
h
a
n
a
 
G2 3 1.09 538.9 4.54 0.15 0.00 0.00 75.0 0.00 2.42 7.18 7.18 
  ±0.00 ±15.6 ±0.18 ±0.00 ±0.00 ±0.00 ±0.33  ±0.18 ±1.15 ±1.15 
G6 3 1.05 493.1 4.41 0.28 0.00 0.00 74.8 0.00 0.00 6.60 6.60 
  ±0.00 ±7.9 ±0.16 ±0.03 ±0.00 ±0.00 ±0.21   ±0.08 ±0.08 
x ± y: average ± standard deviation 
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Table 3.2: Quality parameter of fermented cocoa beans from different origins (n=2) (continued). 
 Clone Group Fermentation 
 index 
Lactic  
acid 
Epicatechin 
Catechin 
 hydrate 
Cyanidin-3 
-Galactoside 
Cyanidin-3 
-Arabinoside 
Total 
 phenolics 
Glucose Sucrose Fructose 
Reducing 
 sugars 
G
h
a
n
a
 
  µg.ml-1 mg.g-1 mg.g-1 mg.g-1 mg.g-1 mg.g-1 mg.g-1 mg.g-1 mg.g-1 mg.g-1 
G8 3 1.18 510.4 4.97 0.30 0.00 0.00 75.4 4.00 0.00 8.82 12.82 
  ±0.03 ±2.8 ±0.39 ±0.01 ±0.00 ±0.00 ±0.49 ±1.07  ±0.99 ±2.06 
G12 4 0.92 504.4 6.31 0.21 0.00 0.00 80.1 0.00 0.00 5.42 5.42 
  ±0.01 ±11.7 ±0.03 ±0.14 ±0.00 ±0.00 ±0.21   ±0.05 ±0.05 
G18 3 1.16 493.7 3.53 0.14 0.00 0.00 68.1 0.00 0.00 7.03 7.03 
  ±0.01 ±0.3 ±0.05 ±0.05 ±0.00 ±0.00 ±1.34   ±1.76 ±1.76 
G25 4 1.09 544.4 4.47 0.31 0.00 0.00 75.2 0.00 0.00 11.35 11.35 
  ±0.01 ±7.1 ±0.32 ±0.06 ±0.00 ±0.00 ±0.95   ±1.04 ±1.04 
G27 4 1.2 505.4 1.70 0.00 0.00 0.00 64.5 0.00 0.00 7.04 7.04 
  ±0.04 ±3.7 ±0.00 ±0.00 ±0.00 ±0.00 ±1.89   ±1.75 ±1.75 
G32 3 1.12 553.7 3.76 0.22 0.00 0.00 74.4 5.31 0.00 9.63 14.94 
  ±0.00 ±5.6 ±0.12 ±0.00 ±0.00 ±0.00 ±0.45 ±0.05  ±0.51 ±0.56 
Average  1.10 518.00 4.21 0.20 0.00 0.00 73.44 1.16 0.30 7.88 9.05 
  ±0.09 ±23.96 ±1.32 ±0.10 ±0.00 ±0.00 ±4.82 ±2.18 ±0.86 ±1.91 ±3.48 
P
e
r
u
 
P1 1 1.64 457.6 1.42 0.21 0.00 0.00 62.1 0.00 0.00 7.95 7.95 
  ±0.02 ±9.5 ±0.05 ±0.02 ±0.00 ±0.00 ±0.17   ±0.93 ±0.93 
P2 5 0.77 426.8 2.60 0.15 0.00 0.00 63.7 0.00 0.00 2.70 2.70 
  ±0.00 ±9.8 ±0.04 ±0.04 ±0.00 ±0.00 ±0.17   ±0.86 ±0.86 
P3 6 1.58 593.9 2.22 0.18 0.00 0.00 66.0 0.00 0.00 10.80 10.80 
  ±0.02 ±81.3 ±0.16 ±0.02 ±0.00 ±0.00 ±0.34   ±0.19 ±0.19 
P4 6 1.24 503.5 2.00 0.17 0.00 0.00 55.3 0.00 0.00 4.61 4.61 
  ±0.01 ±2.2 ±0.00 ±0.00 ±0.00 ±0.00 ±0.77   ±0.98 ±0.98 
P5 5 0.53 225.1 2.88 0.00 0.09 0.25 62.5 0.00 7.34 0.00 0.00 
  ±0.01 ±1.6 ±0.21 ±0.00 ±0.01 ±0.04 ±1.46  ±0.68  ±0.00 
P6 1 0.76 440.8 6.35 0.38 0.00 0.08 63.2 0.00 1.59 7.87 7.87 
  ±0.00 ±5.5 ±0.17 ±0.01 ±0.00 ±0.00 ±1.17  ±0.00 ±0.33 ±0.33 
P7 5 0.74 292.2 8.06 0.17 0.04 0.10 65.3 0.00 16.45 0.00 0.00 
  ±0.01 ±5.0 ±0.49 0.10 ±0.01 ±0.01 ±0.45  ±1.58  ±0.00 
P8 1 1.2 464.9 6.32 0.47 0.00 0.08 77.9 0.00 4.88 4.16 4.16 
  ±0.02 ±1.8 ±0.04 ±0.00 ±0.00 ±0.00 ±1.07  ±0.39 ±0.01 ±0.01 
Average  1.06 425.60 3.98 0.22 0.02 0.06 64.50 0.00 3.78 4.76 4.76 
  ±0.42 ±116.61 ±2.52 ±0.15 ±0.03 ±0.09 ±6.33 ±0.00 ±5.81 ±3.90 ±3.90 
x ± y: average ± standard deviation 
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Table 3.2: Quality parameter of fermented cocoa beans from different origins (n=2) (continued). 
 
Clone 
G
r
o
u
p
 
A
c
i
d
i
c
 
A
A
 
Asp Asn Glu Gln His 
H
y
d
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o
p
h
o
b
i
c
 
A
A
 
Leu Ala Phe Tyr Val Ile 
O
t
h
e
r
 
Trp Lys Ser Gly Arg Thr Met 
T
o
t
a
l
 
F
r
e
e
 
A
A
 
  mg.g-
1 
mg.g-
1 
mg.g-
1 
mg.g-
1 
mg.g-
1 
mg.g-
1 
mg.g-1 mg.g-
1 
mg.g-
1 
mg.g-
1 
mg.g-
1 
mg.g-
1 
mg.g-
1 
mg.g-
1 
mg.g-
1 
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1 
mg.g-
1 
mg.g-
1 
mg.g-
1 
mg.g-
1 
mg.g-
1 
mg.g-1 
V
i
e
t
n
a
m
 
TD2 2 3.74 0.42 1.45 1.29 0.58 0.00 9.42 2.73 1.45 2.16 1.30 1.00 0.79 7.75 1.22 1.88 0.61 0.30 1.67 0.42 0.28 19.5
   ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.0 ±0.0 ±0.1 ±0.0 ±0.0 ±0.0  ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  
TD3 2 3.88 0.50 1.40 1.43 0.56 0.00 8.98 2.46 1.70 2.01 1.19 0.89 0.72 7.44 1.23 1.76 0.60 0.31 1.53 0.43 0.29 19.0
   ±0.0 ±0.1 ±0.1 ±0.0 ±0.0  ±0.2 ±0.1 ±0.1 ±0.1 ±0.0 ±0.0  ±0.0 ±0.1 ±0.0 ±0.0 ±0.1 ±0.0 ±0.0  
TD5 2 3.86 0.47 1.44 1.34 0.62 0.00 9.67 2.66 1.62 2.18 1.32 1.06 0.82 7.82 1.19 1.87 0.67 0.33 1.61 0.45 0.36 20.0
   ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.1 ±0.0 ±0.1 ±0.0 ±0.0 ±0.0  ±0.0 ±0.1 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  
TD6 2 3.67 0.46 1.35 1.36 0.49 0.00 9.17 2.43 1.73 1.96 1.23 1.01 0.81 6.71 0.95 1.31 0.60 0.30 1.44 0.41 0.20 18.0
   ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  
TD8 3 2.88 0.31 1.04 1.01 0.53 0.00 7.48 2.19 1.23 1.71 1.02 0.74 0.60 6.50 1.10 1.66 0.45 0.24 1.29 0.32 0.23 15.6
   ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  
TD9 3 4.65 0.51 2.07 1.40 0.68 0.00 11.43 3.23 1.79 2.61 1.62 1.21 0.95 9.63 1.45 2.45 0.80 0.40 2.10 0.55 0.52 24.3
   ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  
TD10 2 4.60 0.51 2.11 1.41 0.57 0.00 10.33 2.75 2.05 2.14 1.33 1.15 0.90 7.97 1.13 1.80 0.68 0.33 1.74 0.48 0.23 21.3
   ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.1 ±0.2 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  
TD11 2 3.81 0.43 1.51 1.23 0.63 0.00 10.03 2.90 1.58 2.30 1.37 1.04 0.85 8.58 1.31 2.28 0.65 0.30 1.83 0.46 0.29 20.9
   ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.1 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.0 ±0.1 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  
Average  3.89 0.45 1.55 1.31 0.58 0.00 9.56 2.67 1.64 2.13 1.30 1.01 0.81 7.80 1.20 1.88 0.63 0.31 1.65 0.44 0.30 19.8
  0.56 ±0.0 ±0.3 ±0.1 ±0.0 ±0.0 ±1.14 ±0.3 ±0.2 ±0.2 ±0.1 ±0.1 ±0.1 ±1.0 ±0.1 ±0.3 ±0.1 ±0.0 ±0.2 ±0.0 ±0.1 ±2.5
I
n
d
o
n
e
s
i
a
 
IN1 4 4.59 0.34 1.91 1.47 0.88 0.00 9.68 2.68 1.85 2.18 1.22 0.99 0.75 8.31 1.43 2.14 0.55 0.33 1.46 0.41 0.49 21.0
   ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  
IN2 4 3.74 0.49 1.57 1.32 0.37 0.00 9.23 2.66 1.55 2.14 1.31 0.87 0.71 8.21 1.49 2.24 0.52 0.32 1.61 0.41 0.29 19.8
   ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  
Average  4.17 0.42 1.74 1.40 0.63 0.00 9.46 2.67 1.70 2.16 1.27 0.93 0.73 8.26 1.46 2.19 0.54 0.33 1.54 0.41 0.39 20.4
  ±0.6 ±0.1 ±0.2 ±0.1 ±0.3 ±0.0 ±0.31 ±0.0 ±0.2 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.1 ±0.0 ±0.1 ±0.8
G
h
a
n
a
 
G2 3 3.86 0.27 1.53 1.41 0.00 0.64 7.31 2.00 1.38 1.58 1.09 0.71 0.56 6.55 1.15 1.49 0.47 0.27 1.22 0.33 0.25 16.3
   0.01 0.06 0.04 0.00 0.04  ±0.0 ±0.0 ±0.1 ±0.0 ±0.0 ±0.0  ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  
G6 3 4.08 0.35 1.67 1.40 0.00 0.66 9.70 2.80 1.56 2.18 1.39 1.00 0.75 8.95 1.39 2.23 0.68 0.37 1.84 0.48 0.40 21.1
   ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  
G8 3 3.27 0.36 1.77 1.14 0.00 0.00 9.08 2.60 1.57 2.01 1.32 0.89 0.68 7.72 1.38 1.95 0.58 0.33 1.51 0.42 0.00 18.5
   ±0.0 ±0.1 ±0.0 ±0.0 ±0.0  ±0.1 ±0.1 ±0.1 ±0.0 ±0.0 ±0.0  ±0.0 ±0.3 ±0.0 ±0.0 ±0.1 ±0.0 ±0.0  
x ± y: average ± standard deviation 
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Table 3.2: Quality parameter of fermented cocoa beans from different origins (n=2) (continued). 
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G12 4 4.94 0.41 2.11 1.61 0.81 0.00 11.84 3.38 2.11 2.61 1.68 1.16 0.89 10.1 1.68 2.66 0.79 0.42 1.97 0.57 0.44 25.3
   ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  
G18 3 4.11 0.32 1.68 1.34 0.78 0.00 8.88 2.53 1.58 1.97 1.29 0.83 0.66 8.63 1.38 2.17 0.59 0.35 1.77 0.40 0.29 19.9
   ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  
G25 4 5.44 0.51 2.18 1.88 0.87 0.00 13.29 3.81 2.30 2.83 1.92 1.42 1.00 11.8 1.71 3.08 0.95 0.44 2.35 0.69 1.24 29.1
   ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  
G27 4 4.88 0.47 2.25 1.43 0.73 0.00 12.05 3.50 1.97 2.73 1.58 1.25 1.01 10.2 1.64 2.61 0.78 0.39 1.94 0.54 0.41 25.2
   ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.1 ±0.1 ±0.1 ±0.0 ±0.0 ±0.0  ±0.1 ±0.1 ±0.0 ±0.0 ±0.1 ±0.0 ±0.0  
G32 3 3.66 0.33 1.70 1.05 0.58 0.00 7.93 2.25 1.43 1.72 1.17 0.77 0.59 7.81 1.27 1.74 0.53 0.30 1.56 0.37 0.64 18.0
   ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.1 ±0.0 ±0.1 ±0.0 ±0.0 ±0.0  ±0.1 ±0.4 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  
Average  4.28 0.38 1.86 1.41 0.47 0.16 10.01 2.86 1.74 2.20 1.43 1.00 0.77 8.98 1.45 2.24 0.67 0.36 1.77 0.48 0.46 21.7
  0.74 ±0.0 ±0.2 ±0.2 ±0.4 ±0.3 ±2.14 ±0.6 ±0.3 ±0.4 ±0.2 ±0.2 ±0.1 ±1.6 ±0.2 ±0.5 ±0.1 ±0.0 ±0.3 ±0.1 ±0.3 ±4.4
P
e
r
u
 
P1 1 2.98 0.46 1.36 1.15 0.00 0.00 7.95 2.17 1.49 1.61 1.19 0.84 0.64 6.22 0.99 1.47 0.51 0.27 1.28 0.36 0.00 15.8
   ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.1 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.1 ±0.3 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  
P2 5 3.41 0.41 1.52 1.48 0.00 0.00 8.66 2.26 1.72 1.78 1.02 1.05 0.82 5.40 0.00 1.17 0.64 0.27 1.33 0.43 0.17 16.0
   ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.0 ±0.1 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  
P3 6 4.07 0.64 1.61 1.81 0.00 0.00 12.18 3.33 2.44 2.45 1.64 1.34 0.98 10.0 1.34 2.48 0.89 0.50 2.33 0.60 0.24 24.6
   ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.1 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  
P4 6 4.51 0.53 2.27 1.71 0.00 0.00 11.69 3.14 2.27 2.45 1.55 1.32 0.96 8.46 1.16 1.83 0.81 0.38 2.07 0.53 0.24 23.2
   ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  
P5 5 1.01 0.16 0.26 0.60 0.00 0.00 1.96 0.44 0.45 0.32 0.21 0.30 0.24 1.87 0.31 0.22 0.14 0.07 0.29 0.09 0.00 4.10 
   ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  
P6 1 4.06 0.39 2.19 1.47 0.00 0.00 8.90 2.24 1.56 1.93 1.02 1.22 0.95 6.61 0.96 1.12 0.65 0.34 1.09 0.45 0.19 17.7
   ±0.0 ±0.1 ±0.0 ±0.0 ±0.0  ±0.1 ±0.0 ±0.0 ±0.0 ±0.1 ±0.0  ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  
P7 5 2.37 0.19 1.16 1.02 0.00 0.00 4.20 0.87 1.27 0.68 0.45 0.53 0.40 3.15 0.53 0.39 0.27 0.15 0.48 0.17 0.00 8.56 
   ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  
P8 1 2.65 0.32 1.15 1.18 0.00 0.00 6.83 1.78 1.16 1.44 0.94 0.85 0.66 5.79 0.82 1.12 0.48 0.24 0.88 0.32 0.16 13.5
   ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.0 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  ±0.0 ±0.2 ±0.0 ±0.0 ±0.0 ±0.0 ±0.0  
Average  3.13 0.39 1.44 1.30 0.00 0.00 7.80 2.03 1.55 1.58 1.00 0.93 0.71 5.94 0.76 1.23 0.55 0.28 1.22 0.37 0.13 15.4
   ±1.1 ±0.1 ±0.6 ±0.4 ±0.0 ±0.0 ±3.47 ±1.0 ±0.6 ±0.7 ±0.4 ±0.3 ±0.2 ±2.6 ±0.4 ±0.7 ±0.2 ±0.1 ±0.7 ±0.1 ±0.1 ±6.8
x ± y: average ± standard deviation 
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Table 3.3: Cocoa quality parameters in different groups classified by MS-fingerprinting.  
Group 
Lactic acid Epicatechin 
Catechin 
hydrate 
Cyanidin- 
3-Galactoside 
Cyanidin- 
3-Arabinoside 
Total 
 phenolics 
Reducing  
sugars 
Sucrose 
Free  
amino acids 
Hydrophobic 
amino acids 
µg.ml-1 mg.g-1 mg.g-1 mg.g-1 mg.g-1 mg.g-1 mg.g-1 mg.g-1 mg.g-1 mg.g-1 
1 454.43±12.35b 4.70±2.83abc 0.35±0.13ab 0±0a 0.05±0.05ab 67.73±8.82bc 6.66±2.17ab 2.16±2.48a 15.69±2.13b 7.02±2.49bc 
2 608.52±70.10c 0.91±0.49a 0±0a 0±0a 0±0a 50.02±6.50a 14.53±5.79c 0±0a 19.82±1.22bc 9.60±0.51b 
3 505.39±31.07bc 3.87±0.92c 0.21±0.07b 0±0a 0±0a 73.57±6.64bc 9.93±3.24bc 0.35±0.91a 19.14±2.99bc 8.83±1.44b 
4 508.68±59.48bc 4.54±1.73bc 0.24±0.16ab 0±0a 0±0a 76.92±7.98c 7.80±2.18abc 0.56±1.26a 24.13±3.73c 11.22±1.71bc 
5 300.69±88.43a 4.75±2.56abc 0.10±0.08ab 0.05±0.04b 0.13±0.11b 63.85±1.15abc 0.68±1.35a 8.92±7.01b 8.77±5.21a 5.69±2.53abc 
6 548.69±45.20bc 2.11±0.11b 0.18±0.06b 0±0a 0±0a 60.64±5.35ab 7.71±3.10abc 0±0a 23.92±0.70c 11.93±0.25c 
x ± y: average ± standard deviation; a,b,c,d: different letters indicate significant differences (p<0.05) between groups following One-way Anova and post-hoc 
test. 
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by several parameters: the presence of sucrose, cyanidin-3-galactoside, cyanidin-3-
arabinoside; the absence of reducing sugars and the lowest amount of free amino acids. 
Additionally, P2 was poorly fermented due to the remarkably low level of reducing sugars. The 
fermentation appeared also not fully completed in G2, IN1, P6 and P8 containing a certain 
amount of sucrose. The small amount of anthocyanins, i.e. cyanidin-3-arabinoside, was also 
found in P6 and P8. However, the contents of total reducing sugars, free amino acids and 
hydrophobic/acidic amino acid ratio in those samples were relatively high. The fermentation 
in this case was incomplete, however, quite a large amount of aroma precursors was 
generated for sufficient chemical reactions during roasting. Therefore, the thorough analysis 
of the quality parameters classified only Group 5 into the category of un- or low-fermented 
beans. 
Several other compositional characteristics of Asian and Peruvian samples in comparison to 
Ghanaian cocoa beans are interesting. Asian cocoa beans are well-known for its detrimental 
acidity associated with the high amount of lactic acid formation during fermentation. 
However, Asian samples in this study showed insignificant differences in lactic acid content 
(data not shown) compared with Ghanaian ones. Especially two Vietnamese clones, TD8 and 
TD9, were highly comparable to Ghanaian samples in terms of the presence of (−)-catechin 
hydrate and higher amount of polyphenol and lower amount of lactic acid compared to the 
rest of the Vietnamese ones, hence probably turning them to be in the same group with 
Ghanaian samples in MS fingerprinting (Group 3). Group 6 (P3 and P4, Criollo clones) was well-
fermented which is confirmed by high concentrations of free amino acids, the absence of 
sucrose, cyanidin-3-galactoside, cyanidin-3-arabinoside and low levels of polyphenols. Table 
3.3 grouped the results of aroma precursors, polyphenols and volatile acids in fermented 
beans according to the separation in MS-fingerprinting. As mentioned earlier, the goal of this 
work is to substitute labor-intensive aroma precursor measurements with MS fingerprinting 
results. To verify this, group average compositional data was calculated for the six clusters 
which were identified based on MS-fingerprinting (Figure 3.1), followed by statistical data 
processing. The interclass distances between different clusters were identified based on HCA 
using the group average compositional data (data not shown). It was observed that Groups 3 
and 4 were closely clustered as no significant differences in composition were found. Groups 
1 and 2 were adjacent but the latter had lesser total phenolic substances and higher reducing 
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sugars. Group 2 was separated to Groups 3 and 4 due to its low level of total phenolics and 
epicatechin. Indeed, Group 2 had the remarkably lowest amount of polyphenols which is 
expected for a prominently reduced sensation of the astringency contributing to bitter and 
green flavors in those samples (Luna et al., 2002). Group 5 was evidently regarded as 
unfermented beans giving the lowest content of free amino acids, hydrophobic amino acids, 
reducing sugars and the presence of anthocyanins (cyanidin-3-galactoside and cyanidin-3-
arabinoside) and sucrose. Group 6 showed higher levels of epicatechin and catechin than 
those of Group 2, less epicatechin content than that of Group 3, higher amount of free amino 
acids than those of Groups 1 and 5 and a lower value of total phenolics than that of Group 4. 
The rate of fermentation is faster in the Criollo samples (Chakraverty et al., 2003), probably 
resulting in higher amounts of precursors than the rest of the Peruvian cocoa beans (Groups 
1 and 5) (p < 0.05). Indeed, Criollo is a fine flavor cocoa thus reasonably giving different aroma 
masses in MS-fingerprinting. It is clearly seen in Figure 3.1 that there was a clear division of 
un- and low fermented beans (Group 5), and well-fermented Criollo beans (Group 6) and the 
rest of other well fermented beans (Groups 1, 2, 3, 4). It is worth mentioning that Group 2 and 
Group 3 had high negative scores in PC1 while Group 1 and Group 4 had high positive scores 
in PC1. Groups that were classified with MS-fingerprinting, proved each to be characterized 
by unique and significantly different compositional properties.  
3.4.3 LINKING MS-FINGERPRINTING RESULTS TO AROMA PROFILE GIVEN BY HS-
SPME-GC–MS OF ROASTED COCOA BEANS  
Aroma profile analysis by HS-SPME-GC–MS, followed by PCA data analysis is demonstrated in 
Figure 3.3 and Table 3.4. This information explained 51% of  the variance (31% PC1, 20% PC2). 
In accordance with results from fermentation degree and MS-fingerprinting (Table 3.2), the 
Vietnamese and Indonesian samples again proved to have the least variation in aroma 
concentration among each other, followed by the Ghanaian and lastly, Peruvian samples. The 
clustering of each group was also comparable to that of MS-fingerprinting. The total aroma 
concentration ranged between 20.6 to 142.5 μg.g-1. The Indonesian samples had the greatest 
total concentration of aroma compounds, while the Peruvian ones of Group 5 (P2, P5, and P7) 
and the Vietnamese samples showed the inverse pattern. P4, P6 and Ghanaian samples had 
intermediate values in aroma concentration. It has to be mentioned that higher overall 
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concentration does not mean stronger aroma, as each volatile is characterized by a unique 
odor threshold value determining its contribution to the total aroma character.  
Table 3.5: Roasting degree of roasted cocoa bean according to clones. 
 TD9 TD10 TD11 G2 G18 G25 G27 IN1 IN2 P2 P4 P5 P6 P7 
TMP/TrMP 0.62 0.89 0.73 0.76 1.4 1.8 1.5 2.5 2.8 2.1 3.9 0.45 1.4 3 
TMP/2,5-DMP 1 1.1 1.1 0.4 1.5 9.6 6.5 12 15 4.6 20 0.25 5.2 3.5 
TMP/TrMP: tetramethylpyrazine/ trimethylpyrazine 
TMP/2,5-DMP: tetramethylpyrazine/2,5-dimethylpyrazine 
 
The derived roasting degrees are shown in Table 3.5. As seen in Table 3.4, clones having high 
total aroma concentrations, respectively, P6, P4, IN1, IN2, G25 and G27 (representing Groups 
1, 4, 6) were related mainly to acetic acid, 1,3-butanediol, 2,3-butanediol, pyrazines, esters, 
butter-like ketones (3-hydroxy-2-butanone) which were characterized by high positive values 
in PC1. Such high concentrations can mainly be explained by high levels of acetic acid together 
with 1,3-butanediol and 2,3-butanediol in overall aroma concentration. Those clones (except 
P4) fitted best the range 1.5 < TMP/TrMP < 2.5 of well roasted beans, and exhibited the highest 
values of the ratio TMP/2,5-DMP (Beckett, 2011), and hence contained most of the pyrazines. 
The Criollo clone P4 exhibited exceptionally high tetramethylpyrazine, resulting in a high 
TMP/TrMP value (3.9) indicative of under roasting condition. However, this clone was still 
considered well roasted by having the highest TMP/2,5-DMP ratio (20). The Criollo fine cocoa 
clone, in this study, was not proven to need a shorter roasting time as stated by (Ramli et al., 
2006). Pyrazines were stated to be already present in significant amounts in unroasted Criollo 
beans (Frauendorfer & Schieberle, 2008), probably changing the desired roasting ratio. In 
addition, P4 and P6 (Group 1 and 6) also related to many volatiles having high positive values 
in PC2, i.e. some acids, benzaldehyde, benzene ethanol, 2-methylpropanal. P5, P7 and P2 
(Group 5) were clearly more different from all other clones having the least aroma 
components, which could be explained by their low fermentation degree. Surprisingly, P5 had 
a high positive score in PC2 which could be correlated with several aroma components, more 
specifically two Strecker-aldehydes (2-methylbutanal, 3-methylbutanal), 2/3-methylbutanoic 
acid and some alcohols. Herein, it can be assumed that P5 was actually under-fermented 
rather than unfermented as could be concluded from our compositional measurements (Table 
3.2). The formation of Strecker aldehydes during drying (Frauendorfer & Schieberle, 2008) of 
cocoa beans P5, resulting in the utmost consumption of all reducing sugars and high amount 
of free amino acids, might have occurred. P5 experienced an over-roasting condition which 
Chapter 3: Assessing cocoa aroma quality by multiple analytical approaches 
92 | P a g e  
 
may emit certain amounts of pyrazines and aldehydes through roast gas, thereby making it 
difficult to conclude its fermentation degree. Additionally, the mechanism of how aldol 
condensation and cyclisation lead to the formation of less heterocyclic aroma volatiles, i.e. 
pyrazines, in P5 in this study, was not understood as mentioned by Afoakwa et al. (2008b). 
Group 3 (G18, G2, TD9) was closer to some important components having negative values on 
PC2, namely 1-methylbutylacetate, ethyl acetate and 2-pentanol. Although having a very high 
amount of aroma precursors obtained by fermentation, the Vietnamese clones belonging to 
Group 2 (TD10, TD11) exhibited the lowest roasting degree, suggesting that too high roasting 
conditions reduced several important volatiles to lower concentrations. For examples, 
tetramethylpyrazine and 3-methylbutanal might be removed to some extent with roasting gas 
and hence decreased in concentration when their precursors were no longer available 
(Ziegleder, 2009). Several compounds related to the Maillard reaction, for instance, 
aldehydes, ketones, pyrazines and their derivatives can evaporate from the cocoa beans with 
the roast gas at a faster rate than their formation (Diab et al., 2014). It also should be noted 
that the Maillard reaction depends on many factors aside from free amino acids and reducing 
sugars, including pH, water, peptides, proteins, vitamins, polyphenols, lipids and their 
oxidation products which can enter the roasting reactions and influence the final flavor 
(Ziegleder, 2009). The optimal concentration of pyrazines as well as that of other aroma 
volatiles was affected by the roasting condition and the bean cultivar (Farah & Zaibunnisa, 
2012; Oracz & Nebesny, 2014; Ramli et al., 2006; Ziegleder, 2009). Due to the substantial 
introduction of new hybrids and clone varieties as well as growing regions, the composition of 
cocoa seeds may be altered (Bertazzo et al., 2011; Borchers et al., 2000; Lachenaud et al., 
2007), thus affecting the character of the chemical and physical changes occurring in roasted 
cocoa beans (Farah & Zaibunnisa, 2012). Additionally, the transformations of bioactive 
compounds are mostly omnidirectional, and can lead to both degradation and formation of 
new substances, as a result of transformations of their precursors (Oracz & Nebesny, 2014). 
As mentioned by Frauendorfer and Schieberle (2008), also in this study, no clear quantitative 
correlation is found between amounts of aroma precursors and aroma compounds formed.   
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Figure 3.3: 2D PCA of aroma compounds in roasted cocoa beans from different countries identified by HS-SPME-GC-MS 
(Vietnam = TD2, TD3, TD5, TD6, TD8, TD9, TD10, TD11; Ghana = G2, G6, G8, G12, G18, G25, G27, G32; Indonesia = IN1, IN2; Peru = P1, P2, P3, P4, P5, P6, P7, P8) 
Roasting degree:    : TMP/TrMP >2.5;       : 1.5 <TMP/TrMP < 2,5;        : TMP/TrMP <1.5 ;       : TMP/2,5-DMP > 5;        : TMP/2,5-DMP <5 
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Table 3.4: mean semi quantitative concentrations of aroma compounds in roasted cocoa beans from different countries identified by HS-SPME-GC-MS 
(n=2). 
Compounds 
Concentration (µg.g-1) 
Description* KImeas KIlit Idm 
G2 G18 G25 G27 IN1 IN2 P2 P4 P5 P6 P7 TD9 TD10 TD11 
Acids                   
Acetic acid 22.51 42.85 54.75 39.34 87.57 95.17 10.57 33.75 6.66 59.24 21.77 16.29 12.39 11.25 Sour. 636 600- A 
 ±3.02 ±8.18 ±3.71 ±1.83 ±3.13 ±2.20 ±0.08 ±0.43 ±0.07 ±0.40 ±0.42 ±0.93 ±0.63 ±0.09     
3-methylbutanoic acid 0.00 0.00 0.00 0.00 0.00 0.00 0.17 1.46 0.58 0.68 0.03 0.00 0.71 0.36 Unpleasant 845 840 A 
 ±0.00 ±0.00 ±0.00 ±0.00 ±0.00 ±0.00 ±0.00 ±0.01 ±0.02 ±0.11 ±0.01 ±0.00 ±0.02 ±0.03     
2-methylbutanoic acid 0.00 0.00 0.36 0.28 0.19 0.30 0.42 0.83 1.03 1.34 0.41 0.00 0.05 0.06 Sweaty 856  B 
 ±0.00 ±0.00 ±0.03 ±0.02 ±0.03 ±0.02 ±0.01 ±0.06 ±0.03 ±0.07 ±0.03 ±0.00 ±0.01 ±0.01     
Sum 22.51 42.85 55.11 39.62 87.76 95.47 11.16 36.04 8.27 61.26 22.21 16.29 13.15 11.67     
Aldehydes                   
2-methylpropanal 0.19 0.07 0.14 0.07 0.07 0.13 0.03 0.12 0.09 0.21 0.13 0.08 0.22 0.23 Cocoa. 567 542 A 
 ±0.03 ±0.01 ±0.00 ±0.00 ±0.00 ±0.06 ±0.00 ±0.01 ±0.01 ±0.01 ±0.01 ±0.00 ±0.03 ±0.00     
3-methylbutanal 0.76 0.56 0.91 0.33 0.00 0.00 0.38 0.60 1.16 1.06 0.65 0.51 0.72 0.68 Cocoa. 636 628- A 
 ±0.11 ±0.19 ±0.06 ±0.04 ±0.00 ±0.00 ±0.01 ±0.09 ±0.01 ±0.19 ±0.08 ±0.05 ±0.04 ±0.12     
2-methylbutanal 0.67 0.00 0.03 0.00 0.00 0.00 0.19 0.53 0.77 1.04 0.39 0.36 0.63 0.63 Cocoa. 645 632- A 
 ±0.10 ±0.00 ±0.00 ±0.00 ±0.00 ±0.00 ±0.00 ±0.02 ±0.01 ±0.05 ±0.03 ±0.02 ±0.04 ±0.00     
2-fenyl-2-butenal 0.09 0.00 0.30 0.22 0.16 0.36 0.08 0.24 0.05 0.35 0.16 0.11 0.12 0.18  1233  B 
 ±0.03 ±0.00 ±0.08 ±0.10 ±0.01 ±0.07 ±0.00 ±0.00 ±0.00 ±0.08 ±0.01 ±0.00 ±0.05 ±0.01     
5-methyl-2-phenyl-2-hexenal 0.29 0.22 0.27 0.26 0.34 0.57 0.11 0.22 0.03 0.24 0.10 0.21 0.24 0.27  1441  B 
 ±0.06 ±0.07 ±0.12 ±0.03 ±0.10 ±0.22 ±0.01 ±0.02 ±0.00 ±0.01 ±0.03 ±0.05 ±0.03 ±0.01     
benzaldehyde 0.18 0.24 0.17 0.27 0.24 0.25 0.24 0.44 0.69 0.35 0.37 0.09 0.23 0.12 Bitter. 937  B 
 ±0.02 ±0.05 ±0.02 ±0.02 ±0.05 ±0.05 ±0.00 ±0.01 ±0.01 ±0.05 ±0.02 ±0.02 ±0.05 ±0.01     
Sum 2.56 1.31 2.39 1.63 1.31 2.24 1.22 2.61 2.87 3.84 2.06 1.68 2.52 2.56     
Alcohols                   
Ethanol 0.46 0.60 0.14 0.04 1.85 0.16 0.02 0.03 0.00 0.07 0.06 0.11 0.04 0.04  532  B 
 ±0.05 ±0.08 ±0.01 ±0.00 ±0.21 ±0.08 ±0.00 ±0.00 ±0.00 ±0.00 ±0.00 ±0.01 ±0.00 ±0.00     
2-pentanol 0.86 0.67 0.35 0.20 0.40 0.21 0.04 0.03 0.11 0.25 0.46 0.16 0.15 0.24  685  B 
 ±0.12 ±0.14 ±0.02 ±0.01 ±0.05 ±0.00 ±0.00 ±0.00 ±0.00 ±0.03 ±0.00 ±0.00 ±0.02 ±0.01     
3-methylbutanol 0.16 0.22 0.14 0.06 0.48 0.20 0.12 0.11 0.88 0.41 1.18 0.10 0.11 0.15  720 718 A 
 ±0.02 ±0.04 ±0.01 ±0.01 ±0.02 ±0.03 ±0.00 ±0.01 ±0.02 ±0.01 ±0.02 ±0.00 ±0.02 ±0.00     
2-methylbutanol 0.04 0.07 0.00 0.01 0.08 0.04 0.04 0.00 0.44 0.12 0.31 0.02 0.02 0.03  725 726 A 
 ±0.00 ±0.01 ±0.00 ±0.00 ±0.01 ±0.01 ±0.00 ±0.00 ±0.01 ±0.00 ±0.01 ±0.00 ±0.01 ±0.00     
1.3-butanediol 3.27 5.50 4.23 8.29 11.12 11.96 2.90 13.18 2.65 8.62 5.54 2.54 1.73 2.48 Sweet. 760  B 
 ±0.43 ±1.20 ±0.18 ±0.35 ±1.66 ±0.07 ±0.05 ±0.60 ±0.03 ±0.01 ±0.09 ±0.09 ±0.17 ±0.03     
2.3-butaandiol 5.57 8.91 5.15 9.03 10.85 10.08 1.55 4.16 1.68 6.18 2.85 4.96 3.68 5.15 Sweet. 777 768 A 
 ±0.68 ±1.80 ±0.21 ±0.30 ±1.34 ±0.03 ±0.04 ±0.19 ±0.02 ±0.37 ±0.05 ±0.19 ±0.34 ±0.00     
2-heptanol 0.00 0.00 0.00 0.00 0.12 0.23 0.20 0.17 0.54 0.14 0.07 0.04 0.11 0.51  890 886 A 
 ±0.00 ±0.00 ±0.00 ±0.00 ±0.01 ±0.02 ±0.00 ±0.00 ±0.01 ±0.01 ±0.01 ±0.00 ±0.01 ±0.00     
Benzene ethanol 0.32 0.62 2.05 0.00 2.17 1.52 0.96 2.47 1.23 2.09 3.93 0.40 0.35 0.42  1074  B 
 ±0.06 ±0.12 ±0.13 ±0.00 ±0.30 ±0.06 ±0.00 ±0.03 ±0.05 ±0.01 ±0.08 ±0.04 ±0.04 ±0.00     
Sum 10.68 16.59 12.06 17.63 27.07 24.4 5.83 20.15 7.53 17.88 14.4 8.33 6.19 9.02     
Esters                   
methylacetate 0.14 0.11 0.20 0.08 0.22 0.15 0.04 0.11 0.09 0.17 0.15 0.05 0.06 0.06  555  B 
 ±0.02 ±0.02 ±0.00 ±0.00 ±0.03 ±0.09 ±0.00 ±0.01 ±0.01 ±0.01 ±0.01 ±0.00 ±0.01 ±0.00     
Ethylacetate 1.86 1.38 0.53 0.09 2.45 0.46 0.00 0.00 0.00 0.00 0.00 0.22 0.05 0.28  606 596 A 
 ±0.28 ±0.28 ±0.02 ±0.01 ±0.26 ±0.01 ±0.00 ±0.00 ±0.00 ±0.00 ±0.00 ±0.02 ±0.00 ±0.00     
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1-methylbutylacetate 0.40 0.42 0.30 0.27 0.35 0.22 0.00 0.00 0.00 0.00 0.12 0.17 0.16 0.23  840  B 
 ±0.00 ±0.09 ±0.00 ±0.03 ±0.04 ±0.01 ±0.00 ±0.00 ±0.00 ±0.00 ±0.00 ±0.01 ±0.02 ±0.01     
3-methylbutylacetate 0.59 0.94 1.01 0.82 0.00 1.46 0.00 0.00 0.00 2.90 0.66 0.00 0.17 0.10  865 856 A 
 ±0.02 ±0.20 ±0.02 ±0.06 ±0.00 ±0.03 ±0.00 ±0.00 ±0.00 ±0.01 ±0.07 ±0.00 ±0.03 ±0.01     
2-methylbutylacetate 0.09 0.14 0.12 0.10 0.19 0.20 0.03 0.05 0.08 0.36 0.26 0.00 0.05 0.49  868 868 A 
 ±0.01 ±0.03 ±0.00 ±0.04 ±0.03 ±0.00 ±0.00 ±0.00 ±0.00 ±0.00 ±0.01 ±0.00 ±0.00 ±0.01     
2-phenylethylacetate 0.18 0.26 1.01 0.22 1.19 0.73 0.08 0.59 0.03 0.81 0.35 0.18 0.09 0.14 Fruity. 1220 1228 A 
 ±0.06 ±0.05 ±0.08 ±0.01 ±0.13 ±0.00 ±0.00 ±0.01 ±0.00 ±0.00 ±0.01 ±0.02 ±0.02 ±0.00     
Sum 3.26 3.25 3.17 1.58 4.4 3.22 0.15 0.75 0.2 4.24 1.54 0.62 0.58 1.3     
Pyrazines                   
2.5-dimethylpyrazine 0.79 0.50 0.47 0.64 0.69 0.63 0.46 0.70 0.42 1.23 0.41 0.34 0.50 0.09 Popcorn 893 887 A 
 ±0.10 ±0.11 ±0.03 ±0.03 ±0.10 ±0.02 ±0.01 ±0.01 ±0.01 ±0.03 ±0.00 ±0.02 ±0.06 ±0.00     
2.3-dimethylpyrazine 0.11 0.12 0.23 0.47 0.32 0.34 0.15 0.75 0.08 0.52 0.21 0.06 0.08 0.12 Hazelnut. 901 899 A 
 ±0.01 ±0.03 ±0.02 ±0.02 ±0.04 ±0.02 ±0.00 ±0.00 ±0.00 ±0.01 ±0.01 ±0.00 ±0.00 ±0.01     
2-ethyl-6-methylpyrazine 0.12 0.05 0.07 0.13 0.10 0.12 0.10 0.22 0.10 0.19 0.14 0.05 0.11 0.75  976 976 A 
 ±0.02 ±0.01 ±0.00 ±0.00 ±0.03 ±0.00 ±0.00 ±0.00 ±0.00 ±0.00 ±0.01 ±0.00 ±0.01 ±0.01     
trimethylpyrazine 0.42 0.51 2.51 2.97 3.34 3.21 1.01 3.58 0.23 4.53 0.48 0.56 0.63 0.38  980 977 A 
 ±0.09 ±0.05 ±0.04 ±0.11 ±0.40 ±0.07 ±0.02 ±0.00 ±0.00 ±0.13 ±0.02 ±0.03 ±0.08 ±0.01     
2.5-dimethyl-3-ethylpyrazine 0.24 0.20 0.35 0.49 0.47 0.65 0.24 0.57 0.16 0.59 0.41 0.21 0.32 0.55  1049 1056 A 
 ±0.03 ±0.05 ±0.00 ±0.02 ±0.04 ±0.02 ±0.00 ±0.01 ±0.00 ±0.00 ±0.01 ±0.01 ±0.04 ±0.00     
tetramethylpyrazine 0.32 0.74 4.53 4.46 8.31 9.29 2.10 14.05 0.11 6.38 1.41 0.35 0.56 0.11 Milk coffee. 1055 1065 A 
 ±0.05 ±0.14 ±0.29 ±0.15 ±0.79 ±0.00 ±0.05 ±0.15 ±0.00 ±0.05 ±0.01 ±0.02 ±0.06 ±0.01     
2.3.5 trimethylpyrazine-6-ethylpyrazine 0.05 0.07 0.43 0.59 0.57 0.76 0.13 0.98 0.03 0.53 0.18 0.08 0.08 0.19 Chocolate. 1117 1127 A 
 ±0.00 ±0.02 ±0.00 ±0.02 ±0.03 ±0.02 ±0.00 ±0.14 ±0.00 ±0.02 ±0.01 ±0.01 ±0.02 ±0.03     
Sum 2.05 2.19 8.59 9.45 13.8 15 4.19 20.85 1.13 13.97 3.24 1.65 2.28 2.19     
Ketones                   
3-hydroxy-2-butanone 0.21 0.59 1.56 0.39 1.06 1.11 0.24 0.67 0.08 1.77 0.35 0.33 0.21 0.31 Butter. 679 678 A 
 ±0.03 ±0.12 ±0.11 ±0.01 ±0.08 ±0.02 ±0.00 ±0.01 ±0.00 ±0.02 ±0.01 ±0.02 ±0.01 ±0.00     
2-heptanone 0.00 0.00 0.00 0.00 0.00 0.19 0.13 0.20 0.40 0.00 0.05 0.04 0.06 0.23 Banana-like. 875 868 A 
 ±0.00 ±0.00 ±0.00 ±0.00 ±0.00 ±0.02 ±0.00 ±0.01 ±0.00 ±0.00 ±0.00 ±0.01 ±0.00 ±0.00     
Acetofenone 0.21 0.28 0.29 0.32 0.00 0.00 0.14 0.00 0.14 0.00 0.00 0.00 0.00 0.00 Pungent. 1033 1033 A 
 ±0.02 ±0.04 ±0.03 ±0.01 ±0.00 ±0.00 ±0.01 ±0.00 ±0.03 ±0.00 ±0.00 ±0.00 ±0.00 ±0.00     
Sum 0.42 0.87 1.85 0.71 1.06 1.3 0.51 0.87 0.62 1.77 0.4 0.37 0.27 0.54     
Furan and Pyrrole                   
5-methylfurfural 0.07 0.03 0.07 0.05 0.00 0.00 0.02 0.02 0.00 0.16 0.02 0.05 0.09 0.07  935  B 
 ±0.01 ±0.00 ±0.03 ±0.00 ±0.00 ±0.00 ±0.00 ±0.00 ±0.00 ±0.02 ±0.00 ±0.01 ±0.03 ±0.02     
2-acetylpyrrole 0.54 0.51 1.00 0.63 0.59 0.82 0.02 0.00 0.00 1.62 0.00 0.37 0.59 0.32 Popcorn- 1022  A 
 ±0.01 ±0.06 ±0.15 ±0.15 ±0.11 ±0.02 ±0.00 ±0.00 ±0.00 ±0.03 ±0.00 ±0.04 ±0.07 ±0.02     
Sum 0.61 0.54 1.07 0.68 0.59 0.82 0.04 0.02 0 1.78 0.02 0.42 0.68 0.39     
Total 42.09 67.6 84.24 71.3 135.99 142.45 23.1 81.29 20.62 104.74 43.87 29.36 25.67 27.67     
x ± y: average ± standard deviation; *: flavornet.org; pherobase.com; Mass spectra (MS) was tentatively identified using both Wiley library and Kovats retention 
index (KI); KImeas: Kovats retention index measured using alkanes; KIlit: Kovats index from literature. Sources of Kovats index values are from 
webbook.nist.gov or pherobase.com or NIST library. Idm: identification methods. A: tentative identification based on the MS database and retention index 
values from the literature (ascertained from authentic reference compounds); B: when only MS or retention index values were available (ascertained from 
authentic reference compound), it must be considered as a tentative identification. 
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Indeed, free amino acids, also the Amadori products and certain dipeptides act as potent 
precursors of the Strecker aldehydes. Additionally, several important compounds in the 
typical roasted cocoa aroma, such as acids, esters and alcohols, are not formed from 
precursors during the roasting process but are already present in the unroasted fermented 
dry cocoa bean. The HS-SPME-GC–MS results (Figure 3.3) showed good agreement with the 
clustering output based on MS-fingerprinting data. Interestingly, Group 3 (TD9, G2, and G18) 
and especially Group 2 (TD10, TD11) were shown to lack its aroma potential due to the strong 
roasting condition. This observation confirms that it is not possible to predict the cocoa aroma 
quality solely on fermentation index, especially in the case of P6. Being considered as under-
fermented, the interesting aroma potential from P6 as measured by GC–MS and MS-
fingerprinting confirmed its complementarity with the complete aroma precursor analysis of 
cocoa beans. The response of all the m/z to the 26 samples from different origins is shown in 
Figure 3.1. The PCA clearly showed that samples from the Peruvian well-fermented beans 
(Groups 1, 6) were distinct from all others by m/z 136 and 54 pointing to the presence of 
tetramethylpyrazine scoring highest in the vicinity of Group 6. Indeed, SPME-GC–MS showed 
that Group 6 had an exceptionally high level of tetramethylpyrazine (14 mg.g-1) which 
probably is an identifier of Criollo beans, followed by that in Group 1 (6.4 mg.g-1) compared 
with the other 13 samples. This volatile contributes to the desirable cocoa and coffee roasted 
note (Afoakwa et al., 2008b) and is abundant in unroasted fermented cocoa beans and soon 
reaches its maximum level at a certain roasting temperature (Ziegleder, 2009). The close 
relationship of Group 1 with m/z 42 and 122 was evident justifying the highest amount of 
trimethylpyrazine in these samples. m/z 41, 91 57 and 55 had major influence on low-
fermented beans P5 possibly associated with the formation of 2-methylbutyric acid, 2-
methylbutanol (isoleucine), 3-methylbutyric acid, 3-methylbutanal, 3-methylbutanol 
(leucine), 2-methylbutanal (valine) and 2-heptanol. In fact, 2/3 methylbutanal, 2/3-
methylbutanol were formed from precursors valine, isoleucine and leucine, and reducing 
sugars in fermented beans. These main volatiles positively correlated to PC1 in 2D PCA of the 
GC–MS result. The difference of the mixture of clones from Groups 3 and 4 pointed to the 
presence of m/z 43, 45, 88 and 61 which is basically linked to the presence of 1-
methylbutylacetate, acetic acid, ethyl acetate, 2-pentanol and ethanol. Acetic acid was formed 
mainly by fermentation and reduced significantly by drying and roasting due to its high 
volatility (Frauendorfer & Schieberle, 2008). Ethanol and ethyl acetate were degradation 
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products from parental alanine with reducing sugars in which the latter can also be formed 
during fermentation. 1-methylbutylacetate, a product of 1-methylbutanol oxidation, and 2-
pentanol were also reported to be formed during fermentation (Rodriguez-Campos et al., 
2011). These identified volatiles had high negative loading on PC2 in 2D PCA of the GC–MS 
result. Additionally, Group 4 was positioned closer to m/z 136 and 54 towards Peruvian well 
fermented beans, thus having higher tetramethylpyrazine than that in Group 3. The same was 
true for the presence of m/z 60 together with m/z 43 and 54 indicating the higher amount of 
acetic acid in Group 4. Volatile markers for samples from Group 2 and Group 5 (P2, P7) were 
quite indistinguishable as those clones had low scores in any principle component in both 2D 
PCA of MS-fingerprinting and 2D PCA of the GC–MS results. Most of the roasted beans which 
were of low quality because of low initial fermentation or due to over-roasting had high 
positive scores in PC2 of MS-fingerprinting, while the reverse was true for well-roasted/well-
fermented beans. This distinction was confirmed by HS-SPME-GC-MS, where low quality 
beans were separated on the zone that had a negative score on PC1 and positive on PC2. 
Therefore, all factors including the degree of fermentation, geography, processing and 
genotypes may explain the difference in cocoa aroma in MS-fingerprinting. It can be concluded 
that the analysis of precursor composition was unable to fully identify the varieties/original 
aroma profile of roasted cacao beans, however a better correlation with fermentation degree 
was found. MS-fingerprinting seems to have the potential to be used as a powerful tool for 
the evaluation of roasted bean aroma quality and, to a lesser extent, tracing its geographical 
origins. 
Indeed, the difference in inherent composition affected by the bean genotypes caused an 
incorrect geographical identification (TD8, TD9, IN1, IN2, P3, P4). The degree of fermentation 
dominated the impact of origin, hence resulting in a poor origin cluster for the Peruvian clones. 
Additionally, a clear separated zone of the genotype Criollo fine cocoa was shown while that 
of Forastero, Trinitario (the crossbreed between Forastero and Criollo) and their mixtures 
were not clearly distinguishable by MS-fingerprinting. The strong roasting conditions had an 
adverse effect on the final aroma properties of the well-fermented Vietnamese clones in this 
study. 
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3.5 CONCLUSIONS 
MS-fingerprinting appeared to be a reliable and rapid method for predicting the aroma 
potential and quality of roasted cocoa beans, which was confirmed by HS-SPME-GC-MS and 
supported by a wide range of aroma precursor measurements on unroasted cocoa beans. In 
detail, MS-fingerprinting proved to be capable of identifying the fine flavor cocoa Criollo and 
classify the cocoa bean according to their extent of processing. Un- and low-fermented beans 
and over-roasted beans were separated from others. Several markers were identified to relate 
with the Criollo variety and well-roasted/well-fermented bean from different origins. 
Furthermore, it was concluded that the applied roasting conditions, which has a determining 
impact on the final cocoa aroma concentration and quality, negatively influenced the volatile 
profile of several well-fermented clones. Hence, further tuning of the roasting conditions in 
correlation with unique aroma precursor and overall cocoa bean characteristics will be 
essential to fully exploit the full flavor potential of these cocoa beans. 
 
Each Vietnamese cocoa clone was instrumentally assessed by rapid MS-fingerprinting 
techniques for their aroma potential. However, due to over-roasting condition, Vietnamese 
clones majorly lacked their volatiles through roast gas or chemical degradation, resulting in 
underestimated cocoa quality. Therefore, in chapter 4, different roasting temperatures were 
applied for each Vietnamese cocoa clones. 
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CHAPTER 4: TUNING THE VIETNAMESE COCOA AROMA 
BY ROASTING 
4.1 ABSTRACT 
The introduction of new hybrids as well as climate change have altered the cocoa aroma 
specification from different countries. Cocoa producers regularly used mixture of beans from 
clones of an origin to compare or blend with others without understanding the partition of 
which clones to the overall aroma. Therefore, aroma profile of single cocoa clones/hybrids 
from Vietnam (Trinitario and Forastero) under different roasting conditions (30 min at 130°C, 
140°C and 150°C) was analyzed using HS-SPME-GC-MS. The aim of this work was to establish 
the optimal roasting condition and to reveal which specific compounds can determine the 
specific chocolate flavor in different clones from Vietnam single origin. In this way, the flavor 
preference could be adjusted by changing the blending ratio of clones. Results show that, 
except for aldehydes, the majority of volatiles was enhanced with high roasting temperature, 
especially pyrazines, furans and pyrroles as well as off-odors. Well-roasted samples were 
classified based on two pyrazine ratios and had a compromise in flavor combination. They 
exhibited the highest intensity of cocoa notes and moderate levels of roasted, fruity, flowery 
and acidic odors. Plenty specific aroma notes in some TD clones are worth-stressing in favor 
of obtaining targeted flavor. For instance, TD10 had a quite similar amount of linalool (tea-
like) and much richer level of β-myrcene and ocimene (spicy) compared to the fine-flavor 
cocoa from South America. Those volatiles were also found in TD2 which had about three 
times less the amount than TD10. High levels of 2-heptanone, 2-heptanol and 2-heptylacetate 
(banana-like, citrus-like) were found in TD2 and TD11, whereby the latter had double the 
amount of the former.  
4.2 INTRODUCTION  
Recently, Vietnamese (VN) cocoa has emerged as an important economic export crop, thus 
inspiring more global and domestic attention to cocoa quality and commercial implications 
(Nguyen, 2011). However, its typical aroma has not been revealed instrumentally. Worldwide 
current market trends have boosted the development of premium cocoa products made from 
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single origin cocoa varieties such as those from Ghana, Venezuela and Ecuador (Torres-
Moreno et al., 2012). Regarding the quality attributes of Southeast Asian cocoa, only 
Indonesian and Malaysian cocoa were already widely investigated (Hii et al., 2011; Othman et 
al., 2010; Ramli et al., 2006; Rohsius et al., 2006). The limited domestic research on VN cocoa 
resided mainly on mixtures of cocoa beans (Dao, 2011; Phan et al., 2008), cocoa liquor and 
chocolate quality attributes (Tran et al., 2016). However, a more profound insight on the 
aroma potential of VN cocoa clones is required since these are crucial aspects for flavor 
optimization during bean blending prior to chocolate production.  
The optimal concentration of pyrazines as well as that of other aroma volatiles is affected by 
the roasting conditions and bean cultivar (Farah & Zaibunnisa, 2012; Oracz & Nebesny, 2014; 
Ramli et al., 2006; Ziegleder, 2009). As mentioned in Chapter 3, roasting enables quantitative 
changes primarily in three methylpyrazines. More specifically, TMP reaches its maximum level 
at medium roasting levels, trimethylpyrazine (TrMP) increases steadily while 2,5-
dimethylpyrazines (DMP) only increase under strong roasting conditions. Based on sensory 
evaluation, a normal degree of roasting relates to a high concentration ratio of TMP/DMP and 
TMP/TrMP between about 1.5 and 2.5, while values below indicate over-roasted samples 
exhibiting a burnt, coffee-like taste (Beckett, 2011). Over-roasted samples show significant 
levels of 2,5-dimethylpyrazine and have TMP/TrMP ratios below 1.0 . The introduction of new 
hybrids, clone varieties and growing regions may alter the composition of cocoa seeds 
(Bertazzo et al., 2011; Borchers et al., 2000; Lachenaud et al., 2007), thus affecting the 
character of the chemical and physical changes occurring in roasted cocoa beans (Farah & 
Zaibunnisa, 2012). Additionally, the transformations of bioactive compounds are mostly 
omnidirectional, and can lead to both degradation and formation of new substances, as a 
result of transformations of their precursors (Oracz & Nebesny, 2014). Hence, some 
chocolates from Africa shared the common volatile content with those from America (Cambrai 
et al., 2010). In our previous study, several Vietnamese and Indonesian clones were clustered 
with those from Ghana and Peru, in terms of cocoa precursors and aroma profile using MS-
fingerprinting and HS-SPME-GC-MS (Tran et al., 2015a). However, the optimal roasting 
conditions for Vietnamese clones seemed not applied. Therefore, the application of distinct 
roasting conditions is crucial to explore their optimal aroma potential. 
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For decades, different aspects relating to cocoa bean roasting are of prime interest. Pinho et 
al. (2006) and Rohan and Stewart (1964) studied changes in content of amino acids during 
roasting of cocoa beans. Hernández and Rutledge (1994) used multivariate statistical analysis 
of gas chromatograms to differentiate cocoa masses by geographical origin and roasting 
conditions. Jinap et al. (1998) studied the effect of cocoa nib roasting time and temperature 
on volatile component profiles  with steam distillation extraction SDE-GC-MS. In a study 
conducted by Ramli et al. (2006), commercial Malaysian cocoa beans were roasted in a forced 
air flow drying oven for 20 to 50 min at 120 to 170°C. The roasted nibs were evaluated for 
flavor compounds (SDE-GC-MS) and made into dark chocolates to evaluate sensorially. de 
Brito et al. (2001) used chemical and microscopic analysis to compare cocoa material during 
fermentation and after drying and roasting. Misnawi et al. (2004) studied the sensory 
properties of cocoa liquor as affected by polyphenol concentration (58, 116, 143 and 170 
g.kg−1) and roasting duration (120°C for 15, 25, 35 and 45 min). Bonvehí (2005) investigated 
aromatic compounds in roasted cocoa powder. Frauendorfer and Schieberle (2008) studied 
changes in key aroma compounds of Criollo cocoa beans during roasting. Noor-Soffalina et al. 
(2009) investigated the effect of polyphenols and pH on cocoa Maillard-related flavor 
precursors in a lipidic model system. Owusu et al. (2011) studied the relationship of sensory 
and instrumental aroma measurements of dark chocolate as influenced by very distinct 
fermentation methods, roasting and conching conditions (dynamic headspace sampling/GC-
MS/GC-O). The research of Farah and Zaibunnisa (2012) focused on optimizing the roasting 
conditions to produce superior quality cocoa beans high in pyrazines and low in acrylamide. 
Diab et al. (2014) used online measurements of volatile organic compounds released during 
roasting of cocoa beans. A photo ionization time-of-flight mass spectrometer was successfully 
applied for the analysis of cocoa roast gases evolving inside and outside a single cocoa bean. 
Oracz and Nebesny (2014) studied the influence of roasting conditions on the biogenic amine 
content in cocoa beans of different Theobroma cacao cultivars.  
Aforementioned studies targeted a mixture of clones from various single origins or different 
varieties. To the best of our knowledge, research was rarely done on analyzing the aroma 
profile of single clones under different roasting conditions. The aim of this work was to analyze 
the aroma profile of Vietnamese commercial cocoa clones processed under different roasting 
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temperatures and subsequently to reveal which specific compounds and clones can determine 
the chocolate flavor.  
4.3 MATERIALS AND METHODS 
4.3.1 COCOA SAMPLES 
Fermented and dried cocoa beans from 9 commercial clones (Table 4.1) in Vietnam were 
supplied by Puratos Grand-Place (Ben Tre, Vietnam). Those beans experienced the same 
fermentation and drying conditions by inserting net-bags containing different clones in one 
homogenous batch.  
Table 4.1: Commercial Vietnamese clones sampled in this study. 
Forastero x Forastero TD2 
Trinitario x Forastero TD3 
Trinitario x Forastero TD5 
Trinitario  TD6 
Forastero TD8 
Trinitario x Forastero TD9 
Trinitario x Forastero TD10 
Forastero x Forastero TD11 
 
4.3.2 ROASTING TREATMENT 
Cocoa beans were roasted in the same manner at 3 different temperatures including 150°C,  
140°C and 130°C for 30 min in a hot air oven (Termaks, Lien 79, N-5057 Bergen, Norway). 
4.3.3 AROMA ANALYSIS 
The volatile aroma profiles were recorded using HS-SPME-GC-MS. The isolation of the volatiles 
released was performed using a Multi-Purpose Sampler (Gerstel, Mülheim an der Rur, 
Germany) equipped with a HS-SPME unit as follows: 2 g of cocoa bean was grounded and 
blended with 1 μl internal standard undecane with a concentration of 0.368 mg.ml-1 in 
hermetically sealed 20 ml vials and incubated for 10 min at 60°C in a thermostatic agitator. 
Next, a well-conditioned DVB/CAR/PDMS SPME fiber (Supelco, Sigma-Aldrich N.V., Bornem, 
Belgium) was exposed to the headspace for 25 min at 60°C. The volatiles were then analyzed 
with GC-MS, using splitless injection, helium as a carrier gas (1.2 ml.min-1), and a ZB-Wax 
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column (Phenomenex) of 30 m length, 0.25 mm internal diameter and 0.25 µm film thickness 
(Phenomenex, Belgium). The following time-temperature program was applied: 35°C (5 min), 
from 40°C to 182°C (4°C.min-1) and from 182°C to 240°C (7°C.min-1). Injector and transfer lines 
were maintained at 250 and 280°C, respectively. The total ion current (70 eV) was recorded in 
the mass range from 40 to 250 amu (scan mode) using no solvent delay and a threshold of 50. 
Identification of volatile organic compounds in the headspace was performed using the Wiley 
275 library. Additionally, confirmation of identified compounds was done by determination of 
Kovats indices, determined after injection of a series of n-alkane homologues using the 
analytical configuration as described above. The semi-quantitative concentrations of the 
identified volatile compounds were expressed as nanograms of undecane equivalents per 
gram of cocoa bean and calculated as the area of the volatile indicator component divided by 
the response factor of the internal standard undecane. For each clone, duplicate isolation, 
separations, identifications and quantifications of the aroma volatiles were performed. 
4.3.4 STATISTICAL ANALYSIS 
Statistical analyses were performed using SPSS 22 (SPSS Inc., Chicago, USA). All tests were 
done at a significance level of 0.05. One-Way ANOVA was used to investigate any significant 
difference between the samples. Testing for equal variances was executed with the Modified 
Levene Test. When conditions for equal variance were fulfilled, the Tukey method was used 
to test differences between samples. In case variances were not equal, the Games-Howell test 
was performed. To visualize the complex data matrix and the relationships between the 
different cocoa beans based on their volatile composition, PCA was performed using 
Unscrambler 6.1 and Pirouette statistical software (Camo, Norway).  
4.4 RESULTS AND DISCUSSION  
4.4.1 AROMA QUALITY: COCOA NOTE 
The aroma quality of eight TD clones is illustrated in Figure 4.1 and Table 4.2. The total aroma 
concentration increased with roasting temperature and was highest in TD6, TD10 and TD11 
(Figure 4.1.1). In this study, the concentration of 2-methylpropanal, 2-methylbutanal and 3-
methylbutanal was higher at 140°C and 130°C than at 150°C (Figure 4.1.2). These volatiles 
were present in quite comparable amounts in TD8, TD9, TD2 and TD5 at both 130°C and 140°C. 
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In contrast, the Strecker aldehydes were highly present in TD10 and TD11 after roasting at 
140°C and in TD3 at 130°C. Only TD6 had a high level of these compounds at all applied 
roasting temperatures. 2-methylpropanal, 2-methylbutanal and 3-methylbutanal were not 
reported in Malaysian roasted beans (Ramli et al., 2006). Also, 4-methyl-2-phenyl-2-pentenal, 
a chemical tracer for intense bitter cocoa note (Bonvehí, 2005; Cambrai et al., 2010), was 
almost depleted at high roasting temperature and was favorably generated at 140°C and 
130°C (Figure 4.1.4). On the other hand, 5-methyl-2-phenyl-2-hexenal, a deep bitter cocoa 
note (Ramli et al., 2006) was preferably expressed at 140°C and/or 150°C (clone-depending) 
rather than at 130°C (Figure 4.1.3). A study on Malaysian cocoa beans showed that, at the 
same roasting time as applied in this research, 5-methyl-2-phenyl-2-hexenal concentration 
was lowest at 120°C, followed by 150°C and 140°C and optimal 130°C (Ramli et al., 2006). Our 
results generally show that the cocoa note in TD clones was majorly generated at 140°C, and 
to lesser extent at 130°C and partially lost at 150°C probably at the stage favoring either 
evaporation through roast gas, transformation to heterocyclic substances or precursors 
depletion. The cocoa note was highest in TD6 and TD10 but lowest in TD8 and TD9 at all 
roasting temperatures.  
4.4.2 COCOA QUALITY: FRUITY AND FLOWERY NOTES 
Fruity and flowery notes are favorable attributes in fine cocoa (Figure 4.1.5 – 4.1.14). The 
concentration of most aldehydes, ketones and alcohols conferring fruity and flowery notes 
was optimal at high roast temperature (150°C > 140°C > 130°C). Typically, concentrations of 
major on-odor compounds, including 1-hydroxy-2-propanone, gamma-butyrolactone, 2-
heptanone, 1,3-butanediol, 2,3-butanediol, 2-phenylethylalcohol, 2-phenyl-2-butenol, cis-5-
methyl-2-isopropyl-2-hexenal, trans-5-methyl-2-isopropyl-2-hexenal increased at elevated 
temperatures. The results are arguably different with Rodriguez-Campos et al. (2012) who 
stated that the content of alcohols decreases through chemical degradation or volatilization 
during drying and roasting. Among these components, 2-heptanone could be an indicator for 
TD11, while 2-phenyl-2-butenol and 5-methyl-2-isopropyl-2-hexenal typified TD6 due to the 
exceptionally high concentrations in these clones compared to others, regardless of their 
roasting temperature. However, there are several exceptions against the general trend 
between roasting temperature and fruity/flowery notes. Acetophenone concentration 
increased slightly from 130°C to 140°C, but decreased dramatically at 150°C. 2-heptanol, being 
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another indicator for TD11, was generated maximally at 140°C, as was also observed in 
Malaysian beans (Ramli et al., 2006). This component imparts a fruity, herbal, flowery and 
spicy aroma. Phenylacetaldehyde, formed by Strecker degradation of phenylalanine, was 
generated maximally at 130°C (especially in TD6) but decreased from 140°C to no remaining 
trace at 150°C. This compound imparts honey notes and is typical in African beans (Cambrai 
et al., 2010). Likewise, buttery note attributed by 3-hydroxy-2-butanone was high when 
roasting at 130°C, followed by 140°C and reduced significantly at high roasting temperature. 
This attribute was found extremely high in TD8. They impart a fruity, green, floral aroma and 
are desirable in order to obtain cocoa products with flowery and candy notes (Rodriguez-
Campos et al., 2012). The most abundant alcohols in all TD clones with quite comparable 
amounts were 1,3-butanediol, 2,3-butanediol imparting a flowery and caramel scent. 
Esters confer a fruity flavor and are typical aroma components in unroasted cocoa that arise 
from amino acids (Biehl & Ziegleder, 2003). The total ester concentration was much higher at 
150°C compared to lower temperatures and was present in remarkable amounts in TD11 and 
TD6 (Figure 4.1.19 – 4.1.23). Some esters were formed more (or equal) at 140°C than at 130°C 
(150°C > 140°C ≥ 130°C), e.g. 2-phenylethylacetate, 4-ethylphenylacetate and butylbenzoate, 
as agreed with Ramli et al. (2006). 2-phenylethylacetate has flowery and honey notes and is 
mainly responsible for the characteristic aroma of Asian cocoa liquors (Jinap et al., 1998). It 
was highly present in all TD clones irrespective of roasting temperature. Other esters, 
including isobutylacetate, 2-pentylacetate, 3-methylbutylacetate, experienced a reverse 
trend (150°C > 130°C ≥ 140°C) in TD5, TD6, TD9, TD10 and TD11. Surprisingly, these volatiles 
were to a lower extent present in roasted TD2, TD3 and TD8 at 150°C (130°C > 140°C > 150°C). 
2-heptylacetate level was not clearly affected by different roasting treatments and typical in 
TD11 and TD2 (TD11 >>> TD2). Likewise, butylbenzoate production was highest at 150°C and 
intensely elevated in TD6 followed by TD10. Only methylacetate was generated optimally at 
medium roasting (140°C > 130°C > 150°C) with the exception of the maximal concentration in 
TD3 at 140°C and TD6 at 150°C. 
4.4.3 COCOA QUALITY: FINE FLAVOR TYPICAL NOTE 
Linalool is an important compound in cocoa and confers a flowery, leafy and tea-like aroma. 
Results show that its concentration increased inversely to temperature (130°C > 140°C > 
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150°C) probably due to its volatility, as mentioned by Ziegleder (1990). This result is contrary 
to Ramli et al. (2006) who stated the linear relationship of linalool concentration and roasting 
temperature at the same treatment time. Results show that linalool was present in the utmost 
amount in TD10 at any roasting condition (1.3 - 1.4 mg.kg-1). This linalool concentration range 
was identified for special flavor-grade cocoas from South America (Ecuador and Venezuela) 
and Trinidad (1.6 to 3.8 mg.kg-1) (Ziegleder, 1990). Recent study by Schmarr and Engel (2012) 
reported a linalool content in roasted beans from fine Ecuador (Arriba) cocoa and basic African 
cocoa of 1.4-3.0 mg.kg-1 and 0.2-0.8 mg.kg-1 respectively. However, cocoa beans from 
Venezuela and Amazonia, showed linalool concentrations within the range of the basic-grade 
cocoa materials. Clones TD11, TD2, TD3 and TD6 contained 0.2 – 0.5 mg.kg-1 linalool at 150°C 
and all clones (except TD10) had 0.3-0.7 mg.kg-1 linalool at 140°C/130°C which is typical for 
medium content of linalool in basic cocoas from West Africa (0.2 to 0.8 mg.kg-1) (Ziegleder, 
1990). Clones TD5, TD8 and TD9 roasted at 150°C, on the other hand, had the lowest linalool 
concentration which is found in those from Malaysia (0.0 to 0.2 mg.kg-1) (Biehl & Ziegleder, 
2003; Ziegleder, 1990). Ramli et al. (2006), however, reported an optimal linalool level of 2.95 
mg.kg-1 in roasted Malaysian beans at 150°C and 30min. Frauendorfer and Schieberle (2008) 
reported the level of 0.13 mg.kg-1 linalool in roasted Criollo beans from Grenada using High-
Resolution GC-MS. Monoterpenes including myrcene and ocimene can be considered as 
indicators for TD10 and TD2 as they are extremely abundant in these clones, especially at 
150°C (1.6mg.kg-1 ocimene, 0.8mg.kg-1 myrcene for TD10; 0.4mg.kg-1 ocimene, 0.3mg.kg-1 β-
myrcene for TD2) compared to others (0-91ng.g-1 ocimene; 0-85 ng.g-1 myrcene) (Figure 4.1 
24). According to Kadow et al. (2013), the monoterpenes β-myrcene, β-trans-ocimene, β-cis-
ocimene and β-linalool presenting in cocoa fruit pulp are characteristic for fine flavor cocoa 
exhibiting citrus and sweet aroma notes. These fine aroma components from the fruit pulp 
penetrate to the cotyledon tissue during fruit ripening.  
4.4.4 COCOA QUALITY: ROASTED NOTE 
Pyrazines, furans and pyrroles, the main classes of heterocyclic volatiles and key odorants in 
cocoa products, contribute to nutty, earthy, roasted and green aromas (Czerny et al., 2008). 
Most of the pyrazines originate from α-aminoketones by Strecker degradation and Maillard 
reactions during roasting (Rodriguez-Campos et al., 2012). Also, pyrazines may already arise 
during the drying process via Maillard reactions initiated by a drop in moisture content and 
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temperatures of 30°C to 50°C (Hashim et al., 1999). In this study, the higher temperature the 
roasting proceeded, the higher the concentration of pyrazines, 2-acetylfuran, 5-
methylfurfural, furfural was (150°C >>> 140°C > 130°C) (Figure 4.1.15 – 4.1.18). Their levels 
increased moderately from 130°C to 140°C, then raised dramatically at 150°C. Pyrazines  were 
highly present in TD6, followed by TD10 and TD11. High concentrations of 2-acetylfuran and 
5-methylfurfural were observed in TD6, while relatively high levels of furfural were seen in 
TD3, TD6 and TD10. Some pyrazines were only formed at 150°C, including 2,6-
dimethylpyrazine, ethylpyrazine, 2-ethyl-5-methyl pyrazine and 3,5-diethyl 2-methylpyrazine, 
as well as 2-acetylpyrrole, giving a sign of over-roasting. The most primary changes in 
pyrazines were TMP, TrMP and DMP from which the sum occupied 87-93%, 73-85%, 55-69% 
of total pyrazine content at 130°C, 140°C and 150°C, respectively. A study conducted by Ramli 
et al. (2006) showed that 2-ethyl-6-methylpyrazine surprisingly had the highest proportion in 
total pyrazines (7.27 mg.kg-1 at 150°C), exceeding TMP and TrMP which was not confirmed in 
this study. Figure 4.2 shows that TMP varied gradually with temperature, while both TrMP and 
DMP increased rapidly especially from 140°C to 150°C. This observation is not in accordance 
with Beckett (2011) who stated that TrMP increases steadily, while DMP only increases under 
strong roasting conditions. This makes these volatiles useful indicators for monitoring stages 
of roasting. TMP, exhibiting cocoa flavor enhancing properties, can occur in relatively high 
concentrations after fermentation as a metabolic product of Bacillus subtilis (Ramli et al., 
2006).  Large amounts of tetramethylpyrazine and phenylethanol are typical for fine cocoa 
from Java and Venezuela (Counet et al., 2004). Tetramethylpyrazine decreased its proportion 
in total pyrazine from 46-68% at 130°C to 16-29% at 150°C, respectively. In this study, 
tetramethylpyrazine reached the maximal concentration at high roasting condition, i.e. 150°C, 
and was high in TD8, TD6, TD10 and TD11 (1.4 - 1.7mg.kg-1). Roasted beans from Malaysia also 
reached the highest concentration of tetramethylpyrazine at 150°C (30 min) with 1.21 mg.kg-
1 (Ramli et al., 2006). In contrast, Ziegleder (2009) stated that tetramethylpyrazine reaches 
high concentrations at medium roasting conditions. Unlike Malaysian beans, which had the 
optimal concentration of trimethylpyrazine and 2,5-dimethylpyrazine at 140°C (Ramli et al., 
2006), those pyrazines were mostly present in TD clones at 150°C. Based on sensory 
evaluation, a normal roasting degree relates to a high concentration ratio of TMP/DMP and 
TMP/TrMP between about 1.5 and 2.5, while values below indicate over-roasted samples, 
exhibiting a burnt, coffee-like taste (Beckett, 2011). Based on these ratio, well-roasted clones 
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were TD10, TD11, TD6, TD8 and TD9 at 140°C and TD2, TD3 and TD5 at 130°C, while all clones 
at 150°C as well as TD2, TD3 and TD5 at 140°C were over-roasted and others were under-
roasted. Alternatively, over-roasted, well-roasted and under-roasted clones responded to 
ratio of TMP/DMP of 0-2, 2-5 and 5-10, respectively. This clarification corresponds with a 
previous study on over-roasted beans, however, well-roasted and under-roasted beans 
obtained higher values which were 5-10 and more than 10, respectively (Tran et al., 2015a).  
4.4.5 COCOA QUALITY: OFF-NOTES 
Several off-flavor components which might be detrimental for cocoa are recorded in Table 4.2 
and illustrated in Figure 4.1.26 - 4.1.28.  Undesirable alcohols, including 3-methyl-1-butanol 
and 3-methyl-2-butanol existed at low amounts compared to other more desirable alcohols. 
Their concentrations were quite consistent regardless roasting conditions with the exception 
of TD8 and TD2 roasted at 150°C. Benzaldehyde, impairing bitter notes (Bonvehí, 2005) 
required high roasting temperature to reach high concentration levels. This odorant is 
characteristic for African cocoa (Cambrai et al., 2010) and was the lowest in TD9 at all roasting 
temperatures. Off-flavors derived from 2,3-dihydro-3,5-dihydroxy-6-methyl 4H-pyran-4-one 
were formed most at 140°C, followed by 130°C and 150°C, respectively. This volatile was 
highly present in TD8 and TD6 and low in TD10 and TD 11 at 150°C. 2-Pyrrolidinone and 5-
methyl-2-formyl-pyrrole were pronounced at high roast temperature (150°C >>> 140°C > 
130°C). The former was highest in TD10 followed by TD2 and TD3, while the latter was highest 
in TD6 followed closely by TD10, TD2 and TD3. Acid content increased slightly with roasting 
temperature (130°C < 140°C < 150°C) and was more pronounced in TD8, TD9, TD10 and TD6. 
Sulphur compounds, namely dimethyldisulphide and dimethyltrisulphide, increased at high 
roasting temperature and were observed most in TD10 and TD6. These off-flavors could be 
removed to a large extent when roasting TD2, TD8 and TD9 at 150°C. Nevertheless, their 
concentrations in Vietnamese cocoa was negligible (0.06-0.31 mg.kg-1) if compared to cocoa 
liquors from New-Guinea, Ghana and Ivory Coast (0.5-2.3 mg.kg-1) (Counet et al., 2004). 
Dimethyldisulfide is derived from methional and recognized as exhibiting a cocoa-like odor 
synergetic with 3-methylbutanal (Counet et al., 2004; Lopez & Quesnel, 1974). 
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Table 4.2: Mean semi quantitative concentrations of aroma compounds in roasted TD cocoa beans 
identified by HS-SPME-GC-MS (n=2). 
Compounds Description * Concentration (ng.g
-1) 
130°C 
TD2 TD3 TD5 TD6 TD8 TD9 TD10 TD11 
Acids          
acetic acid sour 24367 22450 25521 27704 27262 31973 27342 27396 
  ±427 ±639 ±457 ±177 ±797 ±657 ±481 ±701 
3-methylbutyric acid rancid 491 769 628 562 480 382 918 456 
  ±14 ±24 ±23 ±11 ±21 ±22 ±21 ±29 
Aldehydes          
2-methylpropanal chocolate-like 121 209 148 168 87 92 166 90 
  ±10 ±8 ±3 ±10 ±1 ±1 ±6 ±2 
2-methylbutanal chocolate-like 202 286 247 263 133 166 272 141 
  ±12 ±5 ±7 ±11 ±7 ±3 ±9 ±4 
3-methylbutanal chocolate-like 970 1172 969 1048 707 697 1135 660 
  ±35 ±21 ±4 ±61 ±5 ±16 ±16 ±29 
cis-5-methyl-2-isopropyl-2-hexenal herbal, lavender, 206 200 125 250 95 97 168 118 
 green 
1 ±4 ±17 ±5 ±7 ±6 ±8 ±7 ±4 
trans-5-methyl-2-isopropyl-2-hexenal herbal, lavender, 89 86 42 95 33 32 52 39 
 green 
1 ±1 ±6 ±3 ±3 ±0 ±3 ±2 ±2 
benzaldehyde bitter 2 574 607 613 634 569 374 807 577 
  ±33 ±33 ±10 ±15 ±40 ±18 ±16 ±16 
phenylacetaldehyde honey-like, flowery 142 180 173 217 146 160 185 126 
  ±5 ±15 ±2 ±4 ±4 ±3 ±9 ±3 
4-methyl-2-phenyl-2-pentenal cocoa 779 779 769 935 653 794 866 666 
  ±23 ±35 ±18 ±11 ±20 ±3 ±5 ±15 
5-methyl-2-phenyl-2hexenal cocoa 348 314 274 436 313 265 291 368 
  ±23 ±15 ±25 ±17 ±17 ±5 ±2 ±18 
Alcohols          
3-methyl-2-butanol camphor 282 219 249 302 229 279 216 448 
  ±7 ±4 ±2 ±12 ±3 ±13 ±4 ±1 
3-methyl-1-butanol whiskey banana 154 188 175 165 135 190 176 222 
  ±2 ±9 ±4 ±4 ±6 ±7 ±3 ±1 
2-heptanol  lemon grass 4 642 391 218 229 266 173 375 1233 
 citrus-like 
3 ±13 ±15 ±6 ±10 ±11 ±8 ±3 ±47 
1,3-butanediol flowery, caramel 1820 1901 2018 2256 1809 2009 1777 1756 
  ±99 ±56 ±64 ±53 ±121 ±47 ±98 ±79 
2,3-butanediol flowery, caramel 5676 5310 6558 5785 5779 6603 5569 6299 
  ±81 ±172 ±126 ±111 ±170 ±63 ±193 ±171 
benzyl alcohol floral, sweet 38 27 29 37 27 45 32 35 
  ±2 ±1 ±1 ±1 ±2 ±0 ±2 ±1 
2-phenylethylalcohol flowery, rose, honey 932 1007 1157 893 847 843 680 755 
  ±40 ±63 ±39 ±8 ±65 ±60 ±25 ±27 
2-phenyl-2-butenol vegetative, floral, 282 226 184 474 130 135 275 224 
 green ±14 ±13 ±8 ±3 ±11 ±7 ±9 ±15 
Esters          
methylacetate fruity, blackcurrant 83 122 140 114 86 112 97 102 
  ±2 ±10 ±3 ±3 ±2 ±1 ±2 ±4 
isobutylacetate banana, pear, 22 17 15 20 22 43 10 35 
 fruity, flowery ±1 ±1 ±0 ±0 ±0 ±1 ±0 ±4 
3-methylbutylacetate fruity, banana, pear 504 440 371 463 476 796 338 675 
  ±6 ±26 ±23 ±4 ±32 ±73 ±36 ±41 
2-pentylacetate sweet, fruity 253 146 147 221 209 231 163 371 
  ±0 ±5 ±6 ±4 ±15 ±14 ±15 ±17 
2-heptylacetate banana, fruity 367 167 109 120 78 75 129 768 
  26 15 1 12 10 1 1 38 
4-ethylphenylacetate floral, sweet,  rose,  159 121 93 118 131 144 109 117 
 balsamic ±6 ±11 ±4 ±2 ±9 ±1 ±11 ±3 
2-phenylethylacetate sweet, flowery, 211 193 202 218 247 221 145 237 
 fruity ±6 ±17 ±12 ±6 ±15 ±15 ±0 ±14 
butylbenzoate flowery 66 13 32 198 16 32 110 42 
  ±8 ±1 ±2 ±1 ±0 ±1 ±8 ±4 
Pyrazines          
methylpyrazine cocoa, hazelnut ND ND ND ND 33 ND 31 ND 
      ±3  ±4  
2,5-dimethylpyrazine roasted 167 211 226 154 121 148 239 137 
  ±7 ±2 ±5 ±2 ±8 ±3 ±1 ±7 
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Compounds Description * Concentration (ng.g
-1) 
130°C 
TD2 TD3 TD5 TD6 TD8 TD9 TD10 TD11 
2,6-dimethylpyrazine roasted ND ND ND ND ND ND ND ND 
          
ethylpyrazine roasted, nutty ND ND ND ND ND ND ND ND 
          
2,3-dimethylpyrazine roasted, nutty 90 79 75 89 94 93 95 127 
  ±9 ±7 ±0 ±2 ±8 ±5 ±0 ±6 
2-ethyl-6-methyl pyrazine roasted 23 35 21 42 15 13 28 19 
  ±1 ±1 ±2 ±1 ±2 ±0 ±1 ±0 
2-ethyl-5-methyl pyrazine roasted ND ND ND ND ND ND ND ND 
          
trimethylpyrazine roasted 253 322 282 382 290 285 441 407 
  ±10 ±19 ±5 ±9 ±11 ±13 ±7 ±16 
tetramethylpyrazine roasted, milk coffee 479 549 535 1431 1055 832 1223 1204 
  ±4 ±39 ±21 ±16 ±73 ±51 ±9 ±47 
3,5-diethyl 2-methylpyrazine roasted ND ND ND ND ND ND ND ND 
          
2,3,5-trimethyl 6-ethylpyrazine  40 52 36 74 37 36 58 74 
  ±3 ±3 ±2 ±3 ±0 ±1 ±3 ±1 
Ketones          
2-heptanone banana-like, citrusy 198 101 58 56 87 38 79 413 
  ±5 ±3 ±2 ±1 ±2 ±1 ±1 ±23 
3-hydroxy-2-butanone butter, cream 817 966 792 1257 1966 1029 740 1256 
  ±40 ±49 ±33 ±33 ±72 ±4 ±14 ±29 
1-hydroxy-2-propanone sweet, green, burnt 274 327 264 299 267 207 266 248 
  ±11 ±20 ±19 ±0 ±1 ±2 ±0 ±2 
2-butanone fruity, raspberry, 17 23 23 23 18 16 21 19 
 sweet ±0 ±0 ±1 ±1 ±1 ±0 ±2 ±0 
gamma butyrolactone aromatic, caramel, 202 236 231 227 219 211 229 230 
 sweet ±7 ±14 ±0 ±13 ±6 ±3 ±12 ±9 
acetophenone floral, sweet 138 151 204 223 152 143 207 238 
  ±6 ±2 ±0 ±24 ±6 ±17 ±5 ±21 
Terpenoids          
β-myrcene spicy, woody, 296 76 14 42 0 21 611 42 
 peppery 
4 ±5 ±7 ±1 ±4 ±0 ±0 ±2 ±4 
cis ocimene floral, citrus, sweet,  324 91 56 90 70 59 884 56 
 herbal
4 ±10 ±7 ±6 ±2 ±1 ±2 ±28 ±1 
trans β ocimene floral, citrus, sweet, 87 ND ND ND ND ND 231 ND 
 herbal
 4 ±7      ±15  
β ocimene floral, citrus, sweet,  33 ND ND ND ND ND 80 ND 
 herbal
 4 ±4      ±2  
linalool tea-like, floral, 656 410 369 476 320 455 1420 328 
 blueberry woody 
4,5 ±48 ±9 ±6 ±32 ±16 ±30 ±11 ±2 
Sulphur compounds          
dimethyldisulphide cabbage, onion, 91 96 84 89 65 64 99 62 
 vegetable
6 ±1 ±1 ±1 ±2 ±2 ±3 ±6 ±4 
dimethyltrisulphide cabbage, onion, 27 36 26 38 18 11 25 18 
 vegetable
 6 ±3 ±3 ±2 ±5 ±0 ±2 ±5 ±1 
Furans and Pyrroles          
2-acetylfuran balsamic, cinnamon, 94 100 89 97 89 83 98 75 
 nutty ±10 ±6 ±3 ±3 ±2 ±2 ±9 ±1 
5-methylfurfural caramel, burnt 257 237 217 343 273 230 317 228 
 coffee ±2 ±20 ±0 ±13 ±5 ±11 ±23 ±1 
furfurol caramel-like, sweet 505 519 476 494 391 439 480 394 
  ±16 ±21 ±15 ±6 ±11 ±9 ±8 ±11 
2-acetylpyrrole nutty, musty, ND ND ND ND ND ND ND ND 
 coumarin-like         
2-pyrrolidinone faint and amine-like 82 72 64 79 49 71 85 71 
  ±4 ±5 ±0 ±0 ±2 ±0 ±2 ±2 
5-methyl-2-formyl-pyrrole pungent 42 29 22 45 30 30 44 0 
  ±0 ±2 ±2 ±3 ±2 ±2 ±1 ±0 
2,3-dihydro-3,5-dihydroxy -6-methyl 4H pyran4one roasted, unwanted 1682 1761 1313 2119 1798 1455 1390 1625 
 ±11 ±49 ±69 ±36 ±135 ±48 ±81 ±166 
x ± y: average ± standard deviation; *: unless specified, references are from www.flavornet.org; www.pherobase.com; www.leffingwell.com; 
www.thegoodscentscompany.com; www.pubchem.ncbi.nlm.nih.gov; www.thegoodscentscompany.com, 1 (Parker et al., 2014) 2 (Bonvehí, 
2005)? 3 (Frauendorfer & Schieberle, 2008) 4 (Kadow et al., 2013) 5 (Afoakwa et al., 2008b) 6 (Owusu et al., 2012); ND: not detected 
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Table 4.2: Mean semi quantitative concentrations of aroma compounds in roasted TD cocoa beans 
identified by HS-SPME-GC-MS (n=2) (continue). 
Compounds 
Concentration (ng.g-1) 
140°C 150°C 
TD2 TD3 TD5 TD6 TD8 TD9 TD10 TD11 TD2 TD3 TD5 TD6 TD8 TD9 TD10 TD11 
Acids 
                
acetic acid 26081 25036 26751 27388 30035 35322 30848 26388 27148 24681 25737 29412 34412 38283 31347 28006 
 
±1781 ±977 ±201 ±177 ±585 ±866 ±401 ±425 ±317 ±680 ±524 ±1146 ±1546 ±923 ±913 ±592 
3-methylbutyric acid 593 989 738 750 580 435 1139 640 824 1598 1128 1028 882 513 1589 997 
 
±7 ±2 ±6 ±9 ±12 ±5 ±13 ±18 ±15 ±24 ±16 ±51 ±49 ±34 ±24 ±4 
Aldehydes 
                
2-methylpropanal 122 139 134 194 100 100 222 121 24 57 76 117 35 22 80 40 
 
±15 ±3 ±9 ±7 ±2 ±9 ±17 ±11 ±1 ±7 ±4 ±10 ±3 ±0 ±0 ±3 
2-methylbutanal 199 224 222 306 119 155 318 213 55 89 346 535 49 108 250 283 
 
±1 ±10 ±6 ±17 ±10 ±12 ±21 ±5 ±3 ±5 ±9 ±9 ±3 ±3 ±4 ±2 
3-methylbutanal 998 981 926 1326 741 743 1265 980 175 253 715 1061 183 296 616 636 
 
±44 ±1 ±19 ±57 ±18 ±45 ±37 ±3 ±0 ±12 ±3 ±11 ±9 ±18 ±16 ±12 
cis-5-methyl-2-isopropyl 535 430 448 918 286 330 592 645 1464 1162 2621 4143 1295 1526 2902 2837 
-2-hexenal ±4 ±7 ±6 ±4 ±5 ±11 ±1 ±13 ±14 ±0 ±17 ±197 ±54 ±25 ±14 ±67 
trans-5-methyl-2-isopropyl 231 158 168 385 95 124 215 272 317 218 482 903 317 301 502 584 
-2-hexenal ±2 ±4 ±0 ±0 ±1 ±3 ±3 ±6 ±4 ±14 ±1 ±30 ±8 ±2 ±0 ±9 
benzaldehyde 667 560 584 787 612 395 853 605 802 890 826 962 815 489 1069 861 
 
±2 ±8 ±3 ±14 ±3 ±15 ±1 ±16 ±44 ±42 ±29 ±80 ±44 ±3 ±22 ±5 
phenylacetaldehyde 123 138 136 178 121 113 156 106 ND ND ND ND ND ND ND ND 
 
±8 ±0 ±2 ±1 ±6 ±1 ±1 ±2         
4-methyl-2-phenyl-2-pentenal 828 835 788 941 704 788 1059 775 116 87 127 195 85 83 155 111 
 
±21 ±49 ±1 ±6 ±13 ±34 ±8 ±18 ±4 ±6 ±19 ±2 ±1 ±4 ±14 ±0 
5-methyl-2-phenyl-2hexenal 731 522 481 733 509 570 743 601 638 637 627 823 556 578 614 644 
 
±28 ±12 ±4 ±41 ±16 ±31 ±51 ±5 ±5 ±4 ±34 ±98 ±18 ±27 ±60 ±31 
Alcohols                 
3-methyl-2-butanol 314 235 280 409 326 316 278 388 75 33 262 336 111 182 252 438 
 
±5 ±17 ±14 ±18 ±23 ±10 ±14 ±31 ±1 ±0 ±14 ±7 ±5 ±9 ±1 ±5 
3-methyl-1-butanol 133 156 146 156 145 171 142 153 59 71 216 135 71 208 191 152 
 ±3 ±0 ±7 ±2 ±6 ±5 ±7 ±3 ±7 ±7 ±9 ±7 ±8 ±15 ±18 ±2 
2-heptanol  853 554 355 466 447 293 582 1261 663 261 238 189 265 133 345 1418 
 
±24 ±3 ±2 ±12 ±13 ±11 ±4 ±29 ±15 ±24 ±11 ±3 ±29 ±9 ±15 ±17 
1,3-butanediol 2364 2380 2516 2685 2469 2617 1865 2349 3186 2521 2943 3283 3073 3785 2641 3391 
 
±132 ±53 ±9 ±67 ±50 ±159 ±49 ±79 ±53 ±102 ±77 ±126 ±84 ±39 ±8 ±11 
2,3-butanediol 6060 5597 7004 5809 6839 7549 5448 6624 7754 5906 7839 7112 8537 9670 6897 8755 
 
±363 ±68 ±151 ±116 ±161 ±256 ±22 ±56 ±106 ±68 ±144 ±371 ±23 ±218 ±54 ±15 
benzyl alcohol 47 28 31 41 36 48 36 38 74 71 56 53 60 90 64 62 
 
±0 ±0 ±1 ±1 ±2 ±2 ±2 ±1 ±1 ±6 ±1 ±2 ±2 ±5 ±2 ±0 
2-phenylethylalcohol 1036 1035 1146 1020 986 883 714 799 1135 1177 1401 1112 1021 981 868 970 
 
±12 ±33 ±8 ±10 ±3 ±37 ±5 ±27 ±15 ±61 ±61 ±64 ±13 ±22 ±56 ±10 
2-phenyl-2-butenol 448 245 228 579 209 214 448 406 440 362 303 773 273 206 388 452 
 
±23 ±5 ±2 ±6 ±1 ±6 ±6 ±15 ±24 ±29 ±31 ±8 ±12 ±10 ±43 ±32 
Esters 
                
methylacetate 82 96 135 115 118 152 168 121 23 20 92 120 55 30 65 69 
 
±2 ±0 ±2 ±1 ±1 ±3 ±8 ±7 ±0 ±2 ±9 ±7 ±3 ±3 ±5 ±5 
isobutylacetate 22 13 16 16 21 31 8 19 9 ND 29 49 12 56 22 73 
 
±1 ±0 ±1 ±1 ±1 ±2 ±2 ±0 ±0 
 
±1 ±2 ±0 ±3 ±2 ±2 
3-methylbutylacetate 491 357 307 376 485 566 239 367 448 178 646 880 506 960 600 1059 
 
±65 ±15 ±38 ±6 ±9 ±9 ±6 ±4 ±10 ±19 ±29 ±12 ±7 ±18 ±14 ±5 
2-pentylacetate 284 140 140 258 240 215 149 237 162 43 299 520 158 295 279 586 
 
±3 ±1 ±5 ±2 ±6 ±7 ±9 ±5 ±3 ±1 ±32 ±1 ±4 ±22 ±6 ±4 
2-heptylacetate 465 119 81 111 126 72 144 609 390 164 99 102 138 73 170 789 
 
±27 ±5 ±2 ±1 ±2 ±0 ±14 ±20 ±3 ±10 ±2 ±9 ±5 ±9 ±1 ±7 
4-ethylphenylacetate 189 131 110 146 154 174 121 109 297 241 183 224 271 224 163 208 
 
±4 ±3 ±4 ±5 ±9 ±0 ±1 ±1 ±21 ±16 ±9 ±11 ±4 ±4 ±4 ±2 
2-phenylethylacetate 255 222 218 248 277 261 208 244 560 538 538 590 559 553 457 561 
 
±8 ±1 ±0 ±4 ±5 ±6 ±2 ±3 ±32 ±18 ±28 ±42 ±2 ±21 ±28 ±10 
butylbenzoate 55 13 38 172 22 34 148 40 112 ND 63 318 52 49 211 90 
 
±6 ±2 ±1 ±6 ±1 ±2 ±6 ±1 ±5 
 
±1 ±11 ±5 ±4 ±0 ±6 
Pyrazines 
                
methylpyrazine 131 111 107 172 95 56 153 126 394 512 508 634 397 278 618 498 
 
±6 ±2 ±8 ±1 ±8 ±1 ±5 ±4 ±9 ±22 ±9 ±6 ±17 ±12 ±10 ±6 
2,5-dimethylpyrazine 434 478 483 449 318 302 547 444 1112 858 954 1562 914 1043 1064 1442 
 
±11 ±0 ±2 ±5 ±1 ±9 ±10 ±5 ±71 ±17 ±13 ±38 ±34 ±4 ±8 ±3 
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Compounds 
Concentration (ng.g-1) 
140°C 150°C 
TD2 TD3 TD5 TD6 TD8 TD9 TD10 TD11 TD2 TD3 TD5 TD6 TD8 TD9 TD10 TD11 
2,6-dimethylpyrazine ND ND ND ND ND ND ND ND 341 477 478 812 321 286 574 430 
 
        ±3 ±13 ±11 ±1 ±19 ±11 ±13 ±5 
ethylpyrazine ND ND ND ND ND ND ND ND 164 155 176 240 98 72 173 214 
 
        ±13 ±6 ±8 ±9 ±3 ±6 ±0 ±2 
2,3-dimethylpyrazine 239 143 121 242 286 231 160 389 121 110 174 267 194 130 190 294 
 
±7 ±0 ±0 ±5 ±6 ±7 ±1 ±8 ±2 ±5 ±5 ±4 ±24 ±14 ±3 ±2 
2-ethyl-6-methyl pyrazine 114 190 67 117 53 41 85 115 288 302 268 505 225 166 345 392 
 
±5 ±16 ±2 ±2 ±2 ±2 ±3 ±5 ±6 ±11 ±5 ±6 ±2 ±4 ±8 ±15 
2-ethyl-5-methyl pyrazine ND ND ND ND ND ND ND ND 323 361 335 457 298 257 373 402 
 
        ±3 ±1 ±32 ±41 ±21 ±3 ±46 ±10 
trimethylpyrazine 470 555 405 652 624 500 689 755 985 976 1088 1587 1262 1218 1487 1679 
 
±61 ±13 ±6 ±3 ±27 ±25 ±6 ±52 ±5 ±5 ±7 ±98 ±114 ±102 ±12 ±13 
tetramethylpyrazine 502 503 361 1020 1564 910 1391 1114 714 727 751 1647 1524 1075 1687 1370 
 
±29 ±5 ±3 ±10 ±33 ±24 ±28 ±31 ±17 ±38 ±75 ±89 ±30 ±0 ±26 ±12 
3,5-diethyl 2-methylpyrazine ND ND ND ND ND ND ND ND 133 99 89 221 59 301 125 146 
 
        ±3 ±9 ±1 ±15 ±8 ±13 ±1 ±3 
2,3,5-trimethyl 6-ethylpyrazine 77 64 48 95 73 78 107 125 169 132 135 335 182 173 215 303 
 
±8 ±0 ±1 ±1 ±3 ±1 ±2 ±4 ±4 ±9 ±5 ±23 ±3 ±5 ±5 ±2 
Ketones 
                
2-heptanone 226 106 67 70 93 42 88 306 225 88 123 118 81 50 150 638 
 
±4 ±3 ±1 ±2 ±3 ±2 ±3 ±15 ±2 ±11 ±5 ±2 ±5 ±2 ±13 ±12 
3-hydroxy-2-butanone 551 810 560 964 1627 974 570 774 251 369 359 627 1122 450 284 416 
 
±38 ±2 ±1 ±15 ±24 ±11 ±10 ±28 ±4 ±24 ±9 ±1 ±39 ±31 ±4 ±3 
1-hydroxy-2-propanone 347 365 327 405 323 224 326 256 339 476 356 490 426 245 342 275 
 
±27 ±6 ±14 ±3 ±2 ±0 ±0 ±5 ±10 ±33 ±5 ±15 ±20 ±14 ±4 ±0 
2-butanone 19 24 26 30 19 23 32 24 ND 18 45 68 17 18 39 48 
 
±0 ±0 ±1 ±0 ±2 ±2 ±0 ±1 
 
±0 ±1 ±3 ±1 ±0 ±3 ±1 
gamma butyrolactone 278 327 305 279 277 252 307 309 513 615 474 534 473 403 528 439 
 
±23 ±6 ±3 ±13 ±10 ±12 ±12 ±10 ±9 ±4 ±17 ±3 ±34 ±16 ±11 ±4 
acetophenone 136 138 199 204 155 122 213 215 139 127 197 169 166 111 123 259 
 
±2 ±1 ±11 ±6 ±1 ±4 ±3 ±2 ±6 ±8 ±22 ±12 ±3 ±12 ±4 ±8 
Terpenoids 
                
β-myrcene 272 62 20 29 ND 24 632 41 340 66 31 22 ND 33 833 85 
 
±5 ±3 ±0 ±3 
 
±1 ±1 ±1 ±20 ±5 ±2 ±1 
 
±1 ±13 ±1 
cis ocimene 304 81 50 47 42 55 860 56 351 85 70 ND ND ND 1107 89 
 
±3 ±1 ±3 ±2 ±2 ±3 ±1 ±2 ±10 ±1 ±2    ±6 ±1 
trans β ocimene ND ND ND ND ND ND 241 ND 97 7 131 ND ND ND 378 ND 
       
±4 
 
±1 ±1 ±5 
 
  ±4 
 
β ocimene ND ND ND ND ND ND 68 ND ND 71 36 52 36 36 143 ND 
  
     ±2   ±4 ±5 ±3 ±4 ±3 ±2 
 
linalool 633 403 296 412 249 367 1438 344 460 257 178 274 123 133 1265 212 
 
±19 ±5 ±6 ±15 ±10 ±20 ±13 ±8 ±30 ±29 ±19 ±3 ±8 ±1 ±24 ±10 
Sulphur compounds 
                
dimethyldisulphide 102 105 93 123 75 59 132 80 ND 25 134 189 26 41 158 142 
 
±2 ±1 ±3 ±2 ±3 ±1 ±2 ±1 
 
±2 ±7 ±1 ±4 ±2 ±3 ±0 
dimethyltrisulphide 63 64 62 106 43 45 97 65 50 134 59 88 34 27 154 99 
 
±3 ±3 ±0 ±4 ±0 ±1 ±9 ±2 ±2 ±16 ±3 ±1 ±3 ±1 ±8 ±0 
Furans and Pyrroles 
                
2-acetylfuran 200 185 180 224 172 128 214 153 407 444 427 563 402 381 443 379 
 
±11 ±0 ±1 ±4 ±7 ±5 ±1 ±7 ±9 ±4 ±11 ±21 ±7 ±3 ±1 ±0 
5-methylfurfural 366 265 261 393 371 233 372 318 426 441 347 631 422 271 405 319 
 
±26 ±4 ±5 ±11 ±2 ±12 ±7 ±12 ±11 ±22 ±7 ±43 ±5 ±5 ±2 ±0 
furfurol 671 706 644 715 560 480 762 527 906 1045 842 1051 776 678 986 676 
 
±59 ±4 ±3 ±20 ±25 ±17 ±4 ±12 ±12 ±49 ±21 ±14 ±16 ±2 ±12 ±5 
2-acetylpyrrole ND ND ND ND ND ND ND ND 1126 1139 1070 1181 952 1076 1171 895 
 
        ±70 ±77 ±11 ±6 ±37 ±4 ±12 ±2 
2-pyrrolidinone 131 118 124 127 80 115 213 138 371 377 334 326 222 342 500 228 
 
±3 ±2 ±0 ±6 ±3 ±1 ±8 ±2 ±6 ±5 ±31 ±10 ±26 ±15 ±30 ±12 
5-methyl-2-formyl-pyrrole 59 48 39 67 44 39 78 55 117 123 84 136 89 77 127 86 
 
±5 ±5 ±2 ±2 ±0 ±0 ±2 ±1 ±0 ±3 ±7 ±9 ±1 ±3 ±13 ±0 
2,3-dihydro-3,5-dihydroxy-6-
methyl 4H pyran4one 
2009 1883 1465 2212 2718 1816 1959 1789 908 1428 1254 1430 1794 1246 571 579 
±10 ±75 ±5 ±41 ±69 ±30 ±95 ±68 ±18 ±61 ±76 ±8 ±136 ±58 ±44 ±13 
x ± y: average ± standard deviation; ND: not detected
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Figure 4.1: Aroma volatiles in TD clones at different roasting conditions 
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Figure 4.1: Aroma volatiles in TD clones at different roasting conditions (continue) 
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Figure 4.1: Aroma volatiles in TD clones at different roasting conditions (continue) 
 
Figure 4.2: The change in TMP, TrMP and DMP in TD clones
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4.4.5 LINKING AROMA ATTRIBUTES TO ROASTING TEMPERATURE REGIME AND COCOA 
PRECURSORS 
As roasting increased from low (130°C) to high (150°C) temperature, roasty and fruity odor 
increased while cocoa aroma was optimally formed at low to medium roasting. Moreover, 
volatile acids increased slightly in the applied temperature range. These observations are only 
partly in agreement with Beckett (2006) and Lemmen (2004) who mentioned that both the 
intensity of roast and cocoa flavor increases with increasing roasting temperature while the 
acidity decreases. The latter phenomenon of acidity was also observed by Frauendorfer and 
Schieberle (2008). Conversely, Nuyken-Hamelmann and Maier (1987) found that acetic acid 
remains unchanged during bean roasting. Herein, the formation of acetic acid from alanine 
precursor degradation may take over its evaporation in some cases. Alcohols slightly 
decreased with roasting temperature due to either volatility or chemical decomposition (Jinap 
et al., 1998). Mohr et al. (1968) and Ziegleder (1981) observed that the concentration of 3-
methylbutanal tends to increase strongly during roasting but decrease to some extent due to 
evaporation together with the roasting gases.  
Furthermore, aldehydes may be converted in certain secondary reactions. In this way 
acetaldehyde, 3-methylbutanal and 2-methyl-propanal undergo aldol condensation with 
phenylacetaldehyde to form 2-phenyl-5-methyl-pentenal and 2-phenyl-5-methyl-hexenal. 
This explains the diminishing of phenylacetaldehyde and the increased amount of 2-phenyl-
5-methyl-hexenal at high roast degree in this study. However, the low amount of 2-phenyl-4-
methyl-pentenal at 150°C was probably due to the depletion of its precursor 
(phenylacetaldehyde), thus favoring its evaporation over its formation. As intermediates, 
aldehydes are also involved in the formation of pyrazines and other heterocyclic compounds, 
which are dominant in cocoa flavor.  
PCA was applied to emphasize the variation and visualize patterns in the obtained data set. 
This multivariate data analysis was done on 48 data matrices (8 clones, 3 temperatures, 
duplicate measurements) obtained by measuring aroma compounds. Figure 4.3 shows the 
two first principal components, together explaining only 59% of the variance (45% PC1, 14% 
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PC2). The PCA score plots reveal well-clustered data points for the replicates and classify three 
groups of cocoa beans based on their flavor properties, corresponding to the applied roasting 
temperatures. TD clones roasted at 150°C, which were over-roasted as mentioned in 4.4, 
emerged as richer in number of volatiles than those roasted at lower temperatures. Hence, 
the higher concentration of volatiles does not correspond to better preference. Counet et al. 
(2004) also observed that fine cocoa liquors were less odorous than bulk-basic ones, despite 
their higher liking by consumers (Jinap et al., 1995a). Therefore, a balance in different flavor 
notes seems of prime importance. Pyrazines, furans and pyrroles had the highest positive 
score in PC1 and were highly related to TD clones roasted at 150°C. Strecker aldehydes relating 
to cocoa aroma had high positive score in PC2 where TD6 and TD10 were clustered. Typical 
aroma for certain groups of well-roasted clones (marked with blue color) was seen in PCA. 
Specifically, TD10 was also closely clustered with linalool, ocimene and β-myrcene and TD11 
and TD2 were highly linked to 2-heptanone, 2-heptanol and 2-heptylacetate (banana-like). 
The former compounds are markers of SCA6 (Scavina clone 6) - well known for its floral aroma 
notes in fruit pulp and raw cocoa) and the latter volatiles are typical in EET62 (Estation 
Experimental Tropical Pichilingue clone 62) - a fine cocoa with fruity and floral notes. These 
volatiles migrate from fruit pulp to bean cotyledons during fruit ripening whereas the typical 
basic chocolate flavour is composed upon fermentation (Kadow et al., 2013). TD8 was close 
to 3-hydroxy-2-butanone, whereas TD9 was associated with acetic acid. TD2, TD3 and TD5 
were considered as well-roasted cocoa at 130°C based on TMP/TrMP ratio, however, the 
amount of pyrazines and furans in this cluster were remarkably low compared to others.  
As mentioned by Frauendorfer and Schieberle (2008), also in this study, no clear quantitative 
correlation is found between the amounts of aroma precursors obtained from our previous 
study (Tran et al., 2015a) and aroma compounds formed in TD clones. Indeed, free amino 
acids, also the Amadori products and certain dipeptides act as potential precursors of the 
Strecker aldehydes. Additionally, several important compounds in the typical roasted cocoa 
aroma, such as acids, esters and alcohols, are not formed from precursors during the roasting 
process but are already present in the unroasted fermented dry cocoa bean. 
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Figure 4.3: 2D-PCA on 24 roasted TD cocoa clones from Vietnam analyzed by MS-fingerprinting 
(PC1: 45%, PC2: 14%). %). Vietnam clones =TD2, TD3, TD5, TD6, TD8, TD9, TD10, TD11. Color 
(yellow: over-roasted, blue: well-roasted, grey: under-roasted) 
 
4.5 CONCLUSIONS 
Except for aldehydes relating to cocoa notes which favors production at low to medium roast 
temperatures, the majority of other volatiles was enhanced with high roast temperature, 
especially pyrazines, furans and pyrroles. It was clearly seen that the well-roasted samples, 
i.e. TD2, TD3 and TD5 at 130°C and TD6, TD8, TD9, TD10 and TD11 at 140°C, had a compromise 
in flavor combination. They exhibited the highest intensity of cocoa note (relating to certain 
aldehydes) and moderate levels of roasted, fruity, flowery and acidic odors. The existence of 
off-flavors was inevitable, however, most undesirable compounds were increased in 
concentrations at high roast condition, e.g. 2-pyrrolidinone, 5-methyl-2-formyl-pyrrole, 
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some TD clones are worth-stressing in favor of obtaining targeted flavor by blending beans. 
TD6 and TD10 were rich in cocoa notes. Roasted and nutty flavor attributing to pyrazines, 
furans and pyrroles were abundant in TD6, TD10, TD11, TD8 and lowest in TD2, TD3, TD5. 
Several clones had a remarkably high amount of furfural (TD10>TD6), butylbenzoate 
(TD6>TD10), 2-acetylfuran (TD10=TD6), 2-phenyl-2-butenol (TD6>>TD10), 5-methyl-2-
isopropyl-2-hexenal (TD6>>TD10), 5-methylfurfural (TD8=TD6>TD10=11) and isobutylacetate 
(TD9). Methylpyrazine was only present in beans roasted at 140°C and 150°C, especially in 
TD6, TD10 and TD11. Interestingly, TD10 contained a quite similar amount of linalool and 
much richer level of β-myrcene and ocimene compared to fine-flavor cocoa from South 
America. However, this estimation needs to be confirmed by quantitative analysis or South 
American clone inclusion in the study. These volatiles were also abundant in TD2 which had 
about three times less the amount than TD10. High levels of 2-heptanone, 2-heptanol and 2-
heptylacetate were found in TD2 and TD11, whereby the latter had double the amount of the 
former. TD8 possessed a profound buttery note from 3-hydroxy-2-butanone. High acidity is 
more likely attributed to TD9. This study provides the in depth aroma background of each 
clone which can be blended in different ratio to produce chocolate with specific note. 
Chocolate made with roasted beans TD6, TD10, TD2 and TD11 at 140°C would be prominent 
in both cocoa specific note and fine-flavour attributes including spicy, flowery and fruity. 
 
 
  
 
 
Chapter 4: Tuning optimal new cocoa hybrids’ aroma potential by roasting 
121 | P a g e  
 
Part II gave insight in Vietnamese cocoa aroma. First, improving acidity of cocoa liquors which 
masks the cocoa flavour was targeted. Pre-conching cocoa liquors having high acidity 
negatively affected the aroma quality of dark chocolates. Fermented cocoa mixture with 
intermediate acidity on the other hand resulted in promising flavour. Therefore, each cocoa 
clone comprising such mixture was instrumentally assessed by rapid MS-fingerprinting 
techniques for their aroma potential, confirmed by a wide range of cocoa quality parameters 
and aroma profile by HS-SPME-GC-MS. However, due to over-roasting condition, Vietnamese 
cocoa clones’ quality were underestimated due to over-roasting condition. Therefore, different 
roasting temperatures were applied for each Vietnamese cocoa clones. TD2, TD3 and TD5 at 
130°C and TD6, TD8, TD9, TD10 and TD11 at 140°C, had a compromise in flavour combination. 
Interestingly, chocolate made with roasted beans TD6, TD10, TD2 and TD11 at 140°C would be 
prominent in both cocoa specific note and fine-flavour attributes including spicy, flowery and 
fruity.  
Beside flavor quality, premium chocolates in the tropics should also meet technical 
requirements during processing from beans to pralines. In part III, two strategies were applied 
to improve the heat resistance of dark chocolates compromising specific flow properties for 
the production of pralines through moulding. Chapter 5 focused on the impact of ingredient 
variations and processing by tuning particle size, sucrose type and fat content. Chapter 6 
focused on another strategy for the development of heat-resistant chocolate by incorporating 
hard and soft StOSt-rich fats in chocolate. 
  
  
 
 
 
 
 
  
  
 
 
 
 
 
 
 
 
 
  
PART III: MULTIPLE STRATEGIES FOR THE 
DEVELOPMENT OF HEAT-TOLERANT FILLED 
CHOCOLATES 
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 CHAPTER 5: TUNING PARTICLE SIZE, SUCROSE TYPE 
AND FAT CONTENT FOR OPTIMAL FLOW BEHAVIOR AND 
HEAT RESISTANCE OF DARK CHOCOLATE FOR PRALINES 
 
5.1 ABSTRACT 
The presented study investigates the impact of particle size, sucrose type and fat content on 
the flow properties and heat resistance of dark chocolate for application in pralines. Dark 
chocolates were produced having different particle sizes obtained by varying the refiner 
frequency (once versus twice) and gap size (3-1 versus 2-1), partial replacement of pre-broken 
sucrose with icing sucrose (0%, 25%, 50%) and various fat content (31-34%). Results show that 
chocolate formulated with refiner setting 2x(2-1), 100% sucrose and 32% fat yielded desired 
flow and textural properties for application in pralines. The Casson yield value and thixotropy 
were mostly influenced by particle-particle and particle-fat interactions, whereas Casson 
plastic viscosity was highly affected by the fat level. Hardness was most highly affected by 
chocolate storage temperature (20°C versus 30°C), followed by fat content and refiner gaps. 
Furthermore, it was found that the physical state of sugar highly affects the particle size 
distribution of the chocolate being affected by the usage of icing sucrose. Possible 
explanations were proposed to explain the observed phenomena and interactions. 
5.2 INTRODUCTION 
The development of heat-resistant filled chocolates requires specific chocolate flow 
properties compromising. Two relevant key parameters for the characterization of the 
chocolate flow behavior are plastic viscosity and yield stress. The viscosity of a material can 
be considered as its resistance to flow following a given deformation under a specific 
temperature condition. For chocolate, the viscosity corresponds to pumping, filling and 
coating (moulding and enrobing) characteristics (Ghorbel et al., 2011; Goncalves & Lannes, 
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2010). The yield stress is the minimum stress that must be applied to initiate flow. This 
parameter is important at the level of application in terms of shape retention, occurrence of 
feet in enrobed products, etc. From a quality point of view, a given plastic viscosity and yield 
stress will ultimately confer various attributes on the chocolate that may or may not be 
desirable for a specific application. It is, therefore, crucial for pralines for the tropical markets 
to obtain a chocolate yield value as high as possible to maintain its structure under adverse 
storage conditions, while maintaining the desired flow parameters for the specific application 
(Stortz & Marangoni, 2011). For the production of pralines through moulding, a plastic 
viscosity between 2.1-3.9 Pa.s and Casson yield value in the range 13-17 Pa are highly 
desirable in the case of dark chocolate (personal communication of a Belgian chocolate 
producer). Beckett (2011) observed that the fat content is inversely proportional to chocolate 
plastic viscosity and yield stress. This is because, an increase in the fat content results in an 
extended separation of the suspended solids, allowing less pronounced particle-particle 
interactions and, hence, minimal resistance to flow. The moisture content of chocolate is also 
seen as a key factor influencing the rheological quality of chocolate. It is known that water at 
3 – 4% substantially increases the plastic viscosity and yield value of chocolate (Chevallley, 
1999). Afoakwa et al. (2007) indicated that high-quality chocolate must have a moisture 
content as low as possible with typical values often between 0.5 – 1.5%. 
Chocolate hardness at elevated temperatures is speculated to be related to its thermal 
resistance. This textural parameter has often been correlated with the particle size (PS) 
distribution, described by the characteristics D (v, 0.1), D (v, 0.5), D (v, 0.9), D (3, 2) and D (4, 
3) (Afoakwa et al., 2008c, 2008d). According to Ziegleder and Hogg (1999), the percentiles D 
(v, 0.1), D (v, 0.5) and D (v, 0.9), representing the dimensions of which respectively 10%, 50% 
and 90% of the particles are smaller, can be seen as a measure of the smaller, average and 
larger particles that are present in the chocolate matrix. Furthermore, D (3, 2) and D (4, 3), 
also called the Sauter and De Brouckere diameter, represent the surface and volume mean 
diameter of the particles, respectively (Horiba, 2012). The former gives an idea of the specific 
surface area (SSA) per particle available to engage in various interactions with direct influence 
on the microstructural build-up of the chocolate matrix. The size distribution of the dispersed 
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particles in the continuous fat phase has a key influence on the chocolate microstructure with 
consequential impact on the final rheological and textural properties of respectively molten 
and solid chocolate. Since, PS has been shown to be negatively correlated with hardness 
(Afoakwa et al., 2008c), it could be expected that the relatively smaller PS of icing sucrose (~ 
0.005 – 0.1 mm) in comparison to pre-broken sucrose (0.6 – 1.0 mm) would yield a similar 
effect by providing a higher specific surface area (SSA) inducing a facilitated secondary sugar 
network or inter-particle interaction. Moreover, high moisture levels in chocolate promotes 
interactions among the suspended particles, such as aggregation of sugar particles, resulting 
in a gritty mouthfeel, as well as increasing the apparent viscosity of the chocolate due to an 
increased friction generated as the aggregated sugar particles slide over each other during 
flow.  
Studies done in this area have shown relationships between on the one hand composition 
parameters (fat content and lecithin concentration) and/or processing conditions (PSD) and 
on the other hand microstructure and macroscopic properties of chocolate (Afoakwa et al., 
2008c, 2008d; Ribeiro et al., 2013), without taking a specific application under consideration. 
In this study, it deemed necessary to tune PSD, type of sucrose and fat level in order to attain 
an improved heat-resistance, whilst maintaining the desired flow properties. This study dealt 
with the optimization of PSD and fat content in terms of thermal resistance of chocolate for 
praline production by moulding. Hereto, PS was varied by changing the refiner settings 
targeting an optimal interaction between the suspended particles. Concurrently, the fat level 
was tuned and the basic pre-broken sucrose was partially replaced by icing sucrose, 
compositional parameters which were expected to improve the chocolate texture at elevated 
temperature. 
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5.3 MATERIALS AND METHODS 
5.3.1 EXPERIMENTAL SET-UP 
The first experimental set-up aimed at investigating the impact of the fineness of sucrose and 
refining settings on PSD of refined chocolate flakes. To achieve this, a 5×3 factorial design was 
setup, where the former consisted of 5 different combinations of refiner settings: (3-1), 2×(3-
1), (2-1), (3-1)×(2-1) and 2×(2-1). Additionally, a 3-level partial replacement of the 
conventional pre-broken sucrose by icing sucrose (0%, 25% and 50%) was applied.  
Finding from the first experiment set-up led to the second experiment where the first two 
optimal refiner settings [2x(2-1) and 2x(3-1)] with 100% sucrose (Figure 5.1) were adopted 
and a third setting [(3-1)] serving as the reference.  The aim of this set-up was to investigate 
the effect of refiner settings, fat content, shearing (mixing and/or conching) and possible 
interactions on chocolate quality attributes, namely flow properties, moisture retention, final 
PSD of molten dark chocolate as well as hardness in its tempered state at 20˚C and 30˚C.  
 
 
 
 
 
 
 
 
   
 
 
 
Figure 5.1: Schematic of the optimization of chocolate recipe 
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5.3.2 CHOCOLATE PRODUCTIONS 
Base dark chocolates consisting of 50.23% pre-broken sucrose/icing sucrose (Barry Callebaut 
Belgium, Wieze, Belgium), 18.77% cocoa solids present in cocoa mass (Cargill Chocolate 
Belgium, Mechelen, Belgium), 30.58% CB and 0.42% soy lecithin (Unimills, Zwijndrecht, The 
Netherlands) were produced on 4kg scale. Mixing of the solid ingredients in the presence of 
27.0% molten fat (70oC) was performed using a planetary Vema mixer BM 30/20 (NV 
Machinery Verhoest, Izegem, Belgium) for 20min at 45°C and rotational speed setting 3x1. 
Next, the mixed masses were refined and conched as in 2.3.2.1. Prior to the liquid conching, 
the remainder of the fat phase (up to a fat content of 31.0%) and the lecithin was added. Post-
conched chocolate mixing, whether or not followed by extra CB was performed using the 
Stephan Universal Machine UMC 5 (STEPHAN food service equipment GmbH, Hameln, 
Germany) at 60°C according to following profile: 30 s at 600 rpm, 30 s at 1200 rpm, 30 s at 
1800 rpm, 5 min at 2400 rpm. Finally, the chocolates were tempered by seeding, moulded 
into bars of about 25 g (102x23x10 mm) vibrated, leveled off and cooled in a thermal cabinet 
for 30 min at 11°C (Chocolate World, Antwerp, Belgium). After a maturation period of 24 h at 
18°C, the chocolate bars were individually wrapped into aluminum foil and stored in a thermal 
cabinet. 
5.3.3 CHOCOLATE QUALITY ATTRIBUTES 
The particle size distribution (PSD) was measured using laser light diffraction (Malvern 
Mastersizer S, Malvern Instruments Ltd., Worcestershire, UK) equipped with a 300 RF lens to 
measure particles in the range of 0.05–900 µm. For each liquid chocolate, three subsamples 
of 0.5 g were mixed with 10 ml of isopropanol (VWR, Leuven, Belgium), put in an oven at 50oC 
for one hour and measured five times. From the recorded PSD, characteristic parameters were 
derived. 
Chocolate flow behavior at 40°C was recorded in triplicate using the official ICA46-method 
and an AR2000 rheometer (TA Instruments) equipped with concentric DIN cylinder (cylinder: 
42.00 mm; rotor outer radius: 14.00 mm; stator inner radius: 15.00 mm; geometry gap: 5920 
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µm). The flow data were fitted to the Casson model from which the Casson yield stress σCA 
(Pa) and Casson viscosity ηCA (Pa.s) were deduced. Thixotropy is the absolute difference in 
shear stress at 5 s-1 between upward and downward flow curves.  
Texture analysis (at 20 and 30°C) was performed on bars of chocolates following a maturation 
period of 2 weeks and an initial pre-conditioning of the samples at their respective 
temperatures for at least 24 hours prior to the test. The test was triggered by a pre-load of 
0.2 N and the samples were penetrated to a depth of 5 mm at a rate of 2 mm/s. The 
measurements were done in quintuple. A 5942 Instron Texture Analyzer (Instron, High 
Wycombe, UK) equipped with a needle-shaped probe was used to perform the measurements 
and the Bluehill 3 software to process the data. 
The moisture content of the chocolate samples was determined using Karl Fischer titration 
(AOCS Ca 2e-84). 
 
5.3.4 STATISTICAL ANALYSES 
Statistical analysis was performed with Spotfire S+ 8.2 and Sigmaplot 10.0 (SPSS, Inc., Chicago, 
USA). All testing was done at a significance level of 5%. ANOVA was carried out to investigate 
any significant impact of various predictors on the responses under investigation after which 
multiple comparison was then carried out (using the Tukey test at 5% level of significance) to 
determine significant differences among samples/levels of the predictors (in the case where 
the effect was significant). In each case, assumptions of normality and equality of variance 
were tested with the latter being assessed by the Modified Levene test. In the situation where 
assumptions, especially, conditions for equal variance were not fulfilled, the non-parametric 
alternative, namely Kruskal-Wallis, was used. Additionally, other non-parametric post-hoc 
tests were also adopted as deemed necessary.  
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5.4 RESULTS AND DISCUSSION 
5.4.1 TUNING OF REFINER SETTINGS AND TYPES OF SUCROSE FOR PARTICLE SIZE 
MINIMIZATION  
The appearance of both unrefined and refined chocolate masses is illustrated in Figure 5.2. 
The former had a wet and thick appearance (Figure 5.2a), whereas the latter appeared rather 
flaky (Figure 5.2b to 5.2f). Hence, the unrefined mass had sufficient fat to coat the dispersed 
solids. The combined effect of compression and shearing during refining resulted in size 
reduction, thereby creating new surfaces to be coated with fat resulting in a much drier and 
flaky appearance (Sokmen & Gunes, 2006). In the one-step refined samples (Figure 5.2b and 
5.2c), white spots were visible indicating the incomplete fat coating of newly created surfaces 
of broken sucrose crystals and the low packing density of the flocculated structures formed 
with enclosed immobilized fats within their matrices Those obtained from two-step refining 
(Figure 5.2d to 5.2f) yielded a smoother and less flaky thin film due to a higher degree of 
liberation of immobilized fats from cocoa mass improving packing capacity of the particles. 
This could also explain the slightly lighter color of one-step as opposed to the two-step refining 
samples, irrespective of the fact that the smaller particles generally scatter light at a much 
wider angle thereby increasing their lightness compared to the larger particles (Horiba, 2012).  
A significant impact of both refiner setting (RS) and sucrose phase composition (S) on the PSD 
parameters was revealed (Table 5.1). The interaction terms were significant, with exception 
of D (v, 0.1), implying that the effect of refiner setting on the PSD parameters depends on the 
pre-broken sucrose/icing sucrose ratio.  
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Figure 5.2: Effect of refiner settings on chocolate. a=unrefined chocolate mass, b=(3-1), c=(2-1), 
d=2×(3-1), e=2×(2-1) and f=(3-1)×(2-1) 
 
Table 5.1: ANOVA summary of F-ratios for PSD optimization 
Predictor 
  Response Variables    
SSA D (v, 0.1) D (v, 0.5) D (3,2) D (4,3) D (v, 0.9) 
(m².m-³) (µm) (µm) (µm) (µm) (µm) 
Refiner Setting (RS) 
 
4.02* 
(0.003) 
204.04* 
(<0.0001) 
60.96* 
(<0.0001) 
6.31* 
(<0.0001) 
92.26* 
(<0.0001) 
103.50* 
(<0.0001) 
Prebroken sucrose (S) 232.83* 
(<0.0001) 
 
196.06* 
(<0.0001) 
483.02* 
(<0.0001) 
194.32* 
(<0.0001) 
 
449.35* 
(<0.0001) 
 
388.96* 
(<0.0001) 
 
RS × S  7.52* 
(<0.0001) 
ns 21.53* 
(<0.0001) 
3.28* 
(0.01) 
28.83* 
(<0.0001) 
30.52* 
(<0.0001) 
*Significant F-ratios at 5% significance level; p-values in parenthesis, values with p<0.0001 are beyond 
detection limit of software; ns=not significant (at p=0.05), model was therefore re-fitted without 
interaction term 
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Table 5.2 shows the PS distribution characteristics. It was shown that depending on setting of 
the refiner (gap), PSD parameters were affected accordingly, such that, the smaller the gap, 
the smaller the Sauter mean diameter, DeBroukere mean diameter, and the percentiles. 
However, this observed trend was negative for SSA. Setting 2×(2-1) yielded the highest SSA, 
followed by 2×(3-1), (3-1)×(2-1), (2-1) and finally (3-1). This observation is in conformity with 
the findings of Afoakwa et al. (2008c) and Afoakwa et al. (2009c). Indeed, refining leads to size 
reduction, breakdown of agglomerates and redistribution of the dispersed particles in the 
continuous phase as well as increasing the SSA per particle (Beckett, 2008).  
Table 5.2: Parameters for PSD optimization of refined chocolate flakes
Refiner Setting Pre-broken 
sucrose (%) 
SSA (m².m-³) D (3,2) (µm) D (4,3) (µm) D (v, 0.1) (µm) D (v, 0.5) (µm) D (v, 0.9) (µm) 
 
50 1.94 ± 0.12n 3.11 ± 0.20n 14.25 ± 0.14m 1.67 ± 0.09m 9.67 ± 0.15m 33.93 ± 0.36m 
(3-1) 75 2.04 ± 0.04h 2.93 ± 0.05h 14.09 ± 0.16h 1.60 ± 0.03h 9.55 ± 0.10h 33.69 ± 0.36h 
 
100 2.06 ± 0.06b 2.92 ± 0.09b 12.95 ± 0.46b 1.57 ± 0.04b 9.02 ± 0.26b 30.39 ± 1.24b 
 
50 2.09 ± 0.20moq 2.90 ± 0.28moq 11.12 ± 0.26l 1.59 ± 0.19mp 8.43 ± 0.23lp 24.83 ± 1.04l 
(2-1) 75 2.19 ± 0.07g 2.74 ± 0.09gi 10.92 ± 0.15g 1.49 ± 0.05g 8.23 ± 0.11g 24.49 ± 0.35g 
 
100 2.27 ± 0.03ai 2.65 ± 0.04a 10.86 ± 0.26ace 1.44 ± 0.02a 8.16 ± 0.19a 24.42 ± 0.66a 
 
50 2.20 ± 0.11ors 2.74 ± 0.14ors 12.25 ± 0.62n 1.45 ± 0.06nq 7.98 ± 0.35n 29.82 ± 1.68n 
(3-1)×(2-1) 75 2.22 ± 0.14il 2.72 ± 0.18il 12.24 ± 0.39i 1.40 ± 0.09il 7.88 ± 0.23k 30.05 ± 0.98i 
 
100 2.38 ± 0.07cf 2.52 ± 0.08cf 10.79 ± 0.18cf 1.30 ± 0.03cf 7.14 ± 0.11cf 26.03 ± 0.49cf 
 
50 2.09 ± 0.10qs 2.88 ± 0.14qs 13.09 ± 0.57p 1.49 ± 0.06pq 8.42 ± 0.31p 32.13 ± 1.48p 
2×(3-1) 75 2.28 ± 0.09kl 2.64 ± 0.10kl 11.48 ± 0.77k 1.38 ± 0.06kl 7.53 ± 0.37j 27.80 ± 2.18k 
 
100 2.42 ± 0.08ef 2.49 ± 0.08ef 10.68 ± 0.38ef 1.29 ± 0.03ef 7.14 ± 0.17ef 25.54 ± 1.11ef 
 
50 2.31 ± 0.04pr 2.59 ± 0.04pr 9.94 ± 0.15o 1.33 ± 0.02o 7.06 ± 0.10o 22.99 ± 0.48o 
2×(2-1) 75 2.54 ± 0.08j 2.36 ± 0.08j 9.07 ± 0.15j 1.23 ± 0.02j 6.50 ± 0.14i 20.83 ± 0.35j 
 
100 2.63 ± 0.04d 2.28 ± 0.03d 8.58 ± 0.13d 1.18 ± 0.02d 6.22 ± 0.10d 19.59 ± 0.44d 
All columns with common alphabet (superscript) are not significantly different  
The effect of partial sugar replacement on the PSD parameters was significantly (p < 0.05) 
(Table 5.3). Hereby, SSA increased, while Sauter mean diameter, DeBroukere mean diameter 
and the percentiles decreased with increasing levels of pre-broken sucrose. Possibly, smaller 
initial PS of the icing sucrose as opposed to the pre-broken sucrose enabled the particles of 
the icing sucrose to initiate hydrophilic particle-particle interactions among themselves during 
the mixing stage in the presence of moisture initially present in the sugar fraction and cocoa 
solids. These agglomerates were probably either too strong to be completely refined or the 
moderate PS were small enough to slip through the refiner gaps without being broken. Beckett 
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(2011) affirmed this by noting that the tendency of particles to agglomerate increases with 
decreasing initial PS and increasing water content. Additionally, refining particles below their 
glass transition state (T < Tg) may facilitate a more efficient size reduction via brittle fracturing 
due to the glassy/crystalline state of the particles. On the other hand, refining above Tg may 
mainly result in a plastic deformation which may lead to very little or even no size reduction 
(Beckett, 2008; Beckett, 2011). It is therefore possible that the amount of moisture presenting 
during mixing was enough to hydrate some fraction of the “highly fine” icing sucrose particles, 
thereby altering their Tg to result in the latter phenomenon. This possible hydration of the 
icing sucrose particles can be linked to its well-known high affinity for moisture absorption. 
Beckett (2011) observed that substantial size reduction of sugar results in the transformation 
of 30-90% of the sugar from their crystalline state to amorphous state with strong affinity for 
absorption. It can therefore be seen that refiner setting 2×(2-1) yielded finest particles with 
the highest SSA followed by 2×(3-1) setting being observed in case of chocolate formulated 
with 100% pre-broken sucrose.  
Table 5.3: Pearson correlations among PSD parameters and level of pre-broken sucrose 
replacement. 
Parameter Sucrose SSA D (3, 2) D (4, 3) D (v, 0.1) D (v, 0.5) D (v, 0.9) 
Sucrose  1.00 0.44 -0.44 -0.33 -0.40 -0.32 -0.32 
 
5.4.2 IMPACT OF PROCESSING AND FAT CONTENT ON FLOW AND TEXTURAL 
PROPERTIES OF DARK CHOCOLATE 
Aiming at the highest possible SSA, previous findings led to a second experimental set-up 
where the refiner settings 2×(2-1), 2×(3-1) and (3-1), with the latter serving as reference, were 
adopted for dark chocolate formulated with pre-broken sucrose.  
The effect of conching, subsequent mixing and fat content on PSD parameters of dark 
chocolate is shown in Table 5.4. Parameters D (3, 2), D (4, 3) and percentiles were significantly 
(p<0.05) lower for all treatments other than the refined chocolate flakes, while an opposite 
trend was observed for SSA. The shearing effect during conching resulted in subsequent 
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breakdown of particles and/or agglomerates and creation of even more new surfaces. The 
primary goals of conching are moisture reduction and coating of suspended solid particles 
(Beckett, 2008; Chevallley, 1999). The reduction in final PS might therefore also be due to the 
removal of moisture as well as the presence of extra free fat released from cocoa solids during 
conching hindering the particle agglomeration. Afoakwa et al. (2008c) asserted the role of fat 
content on PSD by stating that the PS was greater with increasing fat content during refining, 
but reduced with subsequent conching. In this study, varying the fat content between 31-34% 
as well as all post-conching treatments such as mixing and seed tempering had no significant 
effect on the final PSD parameters (p > 0.05). Beckett (2011) remarked that well-conched 
chocolate exhibits a minimal shear rate dependency and thixotropic behavior. Here, all 
agglomerates and particle-particle interactions had already been disintegrated with all solids 
coated with fat thereby the application of any extra shearing on chocolate would have little 
or no further effect on PSD. A similar trend was noticed as in 5.4.1 where the chocolates with 
smaller refiner settings yielded smaller particles and higher SSA in the order of 2×(2-1), 2×(3-
1) and (3-1). Though, minor differences in PSD parameters of the refined masses (Table 5.2 & 
Table 5.3, 27% fat) were probably explained by the ingredient batch variation and ambient 
conditions (temperature and relative humidity). 
It can be seen from Figure 5.3 that σCA increased with decreasing PS, except at setting 2x(3-
1), and decreasing fat content. The smaller particles with high SSA may interact with 
themselves to increase the yield value. On the other hand, the presence of the extra fat 
became the increasingly important impact in the overall effect of the particle-particle and the 
particle-fat interaction on the final yield stress which was also observed by Afoakwa (2010) 
and Beckett (2011). A slightly mismatch trend was observed for σCA of the chocolate refined 
at 2×(3-1) which was expected to be higher than the reference refined at 3-1 and lower than 
the one refined at 2×(2-1). Even though PS for this type of chocolate was smaller than that for 
the reference, the second refining step, which could have also been associated with the 
release of extra free fat (Afoakwa et al., 2008c, 2008d; Beckett, 2008) enhanced the fat 
availability in the matrix contributing to the decrease in σCA. This possibly explains why both 
samples become significantly indifferent in σCA (p > 0.05) as the observed effect of fat became 
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increasingly important following subsequent increase in the fat content. On the other hand, 
the chocolate with refiner setting 2×(2-1) had significantly lower particle dimensions than that 
with 2×(3-1) thereby obtaining sufficiently high SSA dominating the increased free fat content 
in terms of  σCA. 
Table 5.4: PSD Parameters for optimization of chocolate recipe 
Refiner 
Setting 
Fat 
 (%) 
SSA 
(m².m-³) 
D (3,2) 
(µm) 
D (4,3) 
(µm) 
D (v, 0.1) 
(µm) 
D (v, 0.5) 
(µm) 
D (v, 0.9) 
(µm) 
 
27A 1.81 ± 0.04a 3.31 ± 0.07a 12.74 ± 1.69 ± 0.03a 9.03 ± 0.46a 29.40 ± 
 
31B 2.16 ± 0.02b 2.78 ± 0.03b 9.74 ± 0.08b 1.33 ± 0.01b 6.89 ± 0.01b 22.41 ± 
(3-1) 31C 218 ± 0.03b 2.75 ± 0.04b 9.77 ± 0.16b 1.32 ± 0.01b 6.89 ± 0.08b 22.52 ± 
 
32D 2.15 ± 0.08b 2.77 ± 0.09b 9.79 ± 0.27b 1.33 ± 0.03b 6.91 ± 0.14b 22.54 ± 
 
33E 2.15 ± 0.07b 2.80 ± 0.08b 9.94 ± 0.22b 1.33 ± 0.04b 6.98 ± 0.17b 22.93 ± 
 
34F 2.21 ± 0.01b 2.71 ± 0.02b 9.71 ± 0.10b 1.31 ± 0.01b 6.85 ± 0.04b 22.41 ± 
 
27A 2.16 ± 0.09a 2.79 ± 0.10a 10.01 ± 1.39 ± 0.03a 7.01 ± 0.20a 23.15 ± 
 
31B 2.26 ± 0.02a 2.65 ± 0.03b 9.56 ± 0.04b 1.25 ± 0.02b 6.42 ± 0.04a 22.66 ± 
2×(3-1) 31C 2.34 ± 0.08a 2.56 ± 0.08b 9.52 ± 0.13b 1.23 ± 0.02b 6.35 ± 0.10a 22.68 ± 
 
32D 2.31 ± 0.08a 2.60 ± 0.08b 9.51 ± 0.11b 1.24 ± 0.02b 6.38 ± 0.02a 22.58 ± 
 
33E 2.31 ± 0.15a 2.60 ± 0.13b 9.49 ± 0.18b 1.25 ± 0.04b 6.38 ± 0.14a 22.49 ± 
 
34F 2.25 ± 0.05a 2.67 ± 0.05b 9.62 ± 0.10b 1.27 ± 0.02b 6.45 ± 0.06a 22.82 ± 
 
27A 2.62 ± 0.09a 2.30 ± 0.08a 7.92 ± 0.11a 1.17 ± 0.03a 5.99 ± 0.09a 17.49 ± 
 
31B 2.92 ± 0.03b 2.06 ± 0.04b 6.98 ± 0.02b 1.03 ± 0.01b 5.11 ± 0.02b 15.72 ± 
2×(2-1) 31C 2.83 ± 0.10ba 2.12 ± 0.07b 7.05 ± 0.07b 1.05 ± 0.02b 5.18 ± 0.08b 15.86 ± 
 32D 2.79 ± 0.09ba 2.15 ± 0.06b 7.04 ± 0.04b 1.05 ± 0.02b 5.19 ± 0.04b 15.81 ± 
 33E 2.92 ± 0.10b 2.05 ± 0.06b 6.97 ± 0.04b 1.02 ± 0.02b 5.10 ± 0.04b 15.72 ± 
 34F 2.79 ± 0.13ba 2.16 ± 0.10b 7.02 ± 0.09b 1.05 ± 0.03b 5.16 ± 0.10b 15.75 ± 
Different superscripts indicate significant differences between samples at p < 0.05 per parameter; A:refined, 
B:conched, C, E: sheared with Stephan mixer + 0% and 2% CB, respectively, D, F: C  E + seed tempered 
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Figure 5.3: Impact of refining and fat content on the Casson yield value of chocolate. 
Results with same alphabets are not statistically different 
 
Similarly to σCA, ηCA also decreased with increasing fat content (Figure 5.4) for the same 
reasons aforementioned. Here, the single step refining process yielded chocolate with higher 
ηCA than the two samples which were refined twice at all fat contents. However, a Tukey’s 
multiple comparison test showed no significant difference between two latter chocolates. This 
provides a valuable insight into the fact that by simply tuning the PSD, chocolate with same 
plastic viscosity can have significantly different yield values for different industrial applications 
(e.g. avoidance of feet for enrobing purposes) or even the possibility of achieving a thermally 
resistant chocolate. Among other things, the ability of the chocolate to maintain its structure 
under tropical storage conditions (~high σCA) without altering the required viscosity has been 
deemed a very crucial property for any HRC (Stortz & Marangoni, 2011).  
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Figure 5.4: Impact of refining and fat content on the Casson viscosity of chocolate 
Results with same alphabets are not statistically different 
 
A significant effect of both PSD, fat content and Stephan mixing on σCA, ηCA and thixotropy (p 
< 0.05) was observed (Table 5.5). It is worth mentioning that of all factors, fat content had the 
highest effect on the flow parameters. These results were in agreement with the findings of 
Do et al. (2007) and Gabriele et al. (2008). It suffices to further state that the addition of extra 
fat has a greater impact on the ηCA in comparison to σCA. This has been attributed to the fact 
that this extra fat (free fat) only goes to a lubricating action (~viscosity) rather than affecting 
particle-particle interactions (~yield stress) in the chocolate matrix (Afoakwa, 2010). A 10-
minute shearing with Stephan mixer showed significant effect on the flow behavior and was 
the only one among three factors significantly influencing chocolate thixotropy. Possibly, a 
continued shearing process resulted in better coating of the solid particles by the fat phase 
aided by the action of lecithin and initiated the breakdown of various particle-particle 
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interactions, thereby drastically reducing the yield stress to facilitate flow (~ viscosity) of the 
chocolate. Even though chocolate exhibits thixotropic behavior to some extent, this may be 
greatly observed when chocolate is not properly conched to disengage as many existing 
interactions as possible. Afoakwa (2010) therefore recommends a thixotropy value below 1 
Pa to be indicative of a well-conched chocolate. From Figure 5.5, it can be seen that all samples 
can be considered as well-conched. Analysis of the interaction terms showed significant 
(p<0.05) interaction effect of refiner setting with fat content on the one hand and refiner 
setting with Stephan mixing on the other hand on σCA. However, only the former and the latter 
interaction terms had significant effects on ηCA and thixotropy, respectively. This suggests that 
these parameters could be tuned according to the required applications, more especially, 
towards thermal resistance. In general, Afoakwa (2010) recommended that for moulding 
applications, chocolate with a moderate fat content (~moderate viscosity) and a lower PS 
(~high yield value) must be aimed at. The high yield and moderate viscosity of chocolate 
refined at 2x(2-1) may therefore make it a suitable choice for such purposes. Table 5.5 also 
showed no significant impact of refiner setting and Stephan mixing on moisture retention. All 
samples had low moisture levels (0.25 – 0.35%) indicating a high quality chocolate and a good 
production process, especially, the dry conching step (Afoakwa et al., 2007).   
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Table 5.5: ANOVA summary of F-ratios for flow parameters and moisture level 
Predictor Response Variables 
σCA (Pa) ηCA (Pa.s) Thixotropy (Pa) Moisture (%) 
Refiner Setting (RS) 11.81* 
(0.0001) 
18.10* 
(<0.0001) 
0.32 
(0.73) 
2.99 
(0.06) 
Fat Content (F) 234.36* 
(<0.0001) 
1082.25* 
(<0.0001) 
1.41 
(0.24) 
5.14* 
(0.03) 
Stephan Mixer (M) 16.51* 
(0.0003) 
27.50* 
(<0.0001) 
18.16* 
(0.0001) 
0.04 
(0.9) 
Interactions:  
RS × F 7.22* 
(0.002) 
14.96* 
(<0.0001) 
0.32 
(0.73) 
3.08 
(0.06) 
RS × M 5.18* 
(0.009) 
0.79 
(0.46) 
10.53* 
(0.0003) 
3.08 
(0.06) 
F × M - - - - 
RS × F × M - - - - 
*Significant F-ratios at 5% significance level; p-values in parenthesis, values with p<0.0001 are beyond 
detection limit of software; - = not estimated (estimate function does not exist according to software) 
 
Figure 5.5: Impact of refining and fat content on the thixotropic nature of chocolate (n=3) 
Results with same alphabets are not statistically different 
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Finally, the significant effect of PSD, fat content and temperature on the hardness of the 
tempered chocolate is shown in Table 5.6. The findings revealed a huge impact of temperature 
on hardness, followed by fat content and finally PSD (Figure 5.6). These trends have been 
reported by Afoakwa et al. (2008c), Afoakwa et al. (2009c) and Do et al. (2007). The high SFC 
of CB at 20˚C (≈ 68%) made it difficult to penetrate the chocolate due to a rigid and solid-like 
structure. However, at 30˚C, the SFC of CB is dramatically lower (Talbot, 2009b) creating a 
somewhat loose structure with almost 59% liquid fat, hence, the reason for the significant 
reduction in hardness. Also, just like the yield stress, the lower the fat content, the more 
important the particle-particle interactions become in determining the rigidity of the 
structure. However, as fat increases, these particles become more and more separated from 
each other resulting in less rigidity of the chocolate matrix with considerably lower resistance 
to penetration. These reasons also accounted for a generally harder chocolate of refiner 
setting 2×(2-1) at all levels of temperature and fat content. Complementary to these findings, 
Do et al. (2007) remarked that apart from the SFC, a decrease in hardness with respect to PSD 
is obviously as result of the decrease in particle contact points within the matrix. Hence, 
smaller PS will give rise to an increased hardness. 
 
Table 5.6: ANOVA summary of F-ratios for Chocolate Hardness 
Predictor Hardness (N) p-value 
Refiner Setting (RS) 123.95*  <0.0001 
Fat Content (F) 406.47* <0.0001 
Temperature (T) 19960.37* <0.0001 
Interactions: 
RS × F 7.68* 0.0008 
RS × T 40.71* <0.0001 
F × T 265.64* <0.0001 
RS × F × T 1.78 0.2 
*Significant F-ratios at α=0.05. Values with p<0.0001 are beyond detection limit of software. 
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Figure 5.6: Impact of refiner setting, fat content and storage temperature on hardness chocolate. 
Results with same alphabets are not statistically different 
 
5.4.3 RELATIONSHIPS BETWEEN FAT CONTENT, PSD, FLOW AND TEXTURAL 
PROPERTIES OF CHOCOLATE  
Table 5.7 presents a summary of various correlations of some process parameters with flow 
and textural quality attributes. Fat content showed a rather moderate correlation with σCA, 
whereas the latter had a rather strong correlation with PSD. However, an opposite trend was 
identified for ηCA. This confirms an earlier explanation that PSD and fat content both affect 
the flow behavior of chocolate in which case the impact of one parameter may be more 
important in determining a certain property of the chocolate than the other. In this regard, 
the reason underlying the observed σCA could be said to be more of a “PSD effect” than a “fat 
effect” and vice versa for ηCA (Do et al., 2007). Thixotropy could also be seen to be more 
dependent on PSD than fat content. However, this effect could be minimized through 
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adequate liquefaction (wet conching or Stephan mixing) where particles are further coated 
with fat to avoid later interaction/agglomeration. The correlation of fat content and PSD to 
hardness revealed a trend complementary to earlier assertion. Here, the strong negative 
correlation between fat content and hardness at 20˚C implied that, hardness at 20˚C was 
determined primarily by the high SFC of CB (Do et al., 2007) with a minimal effect of PSD. This 
is probably the reason why the hardness of 2×(2-1) was not significantly different from the 
reference (3-1) at 20˚C. Interestingly, this trend shifts from being a “fat” effect to more of a 
“PSD” effect at 30˚C, where the particle-particle interactions contributed to a higher extent in 
supporting the structure. This could be interesting for the tuning of PSD to achieve thermal 
resistance. 
Table 5.7: Pearson correlations between fat content, PSD, flow and textural parameters 
 σCA ηCA Thixotropy Hardness @ 20˚C Hardness @ 30˚C 
Fat content -0.36 -0.87 0.33 -0.82 -0.32 
SSA 0.88 -0.19 0.64 0.34 0.74 
D(3,2) -0.87 0.21 -0.64 -0.32 -0.77 
D(4,3) -0.90 0.16 -0.65 -0.36 -0.78 
 
5.5 CONCLUSIONS 
It was imperative to optimize PSD, fat content, among other compositional/processing 
parameters in order to achieve a thermally resistant chocolate which exhibits specific flow 
and textural properties for the desired applications. Here, a significant interaction effect was 
observed for refiner settings and replacement of pre-broken sucrose with icing sucrose, for 
which generally lower PS parameters (with exceptionally high SSA) were observed for the 
settings 2×(2-1) and 100% pre-broken sucrose. Comparing fat contents between 27 and 34%, 
and optimal concentration of 32% was realized. Of these, a combination of refiner settings 
and fat content also proved to have a significant impact on flow parameters such as the Casson 
plastic viscosity and yield value. The latter, together with thixotropy were seemed to be 
significantly influenced by the interaction effect between refiner settings and the subsequent 
shearing after processing with the Stephan mixer during 10 mins at 60˚C. Of the 12 samples, 
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chocolate with refiner settings 2×(2-1) and fat content of 32% seemed to be distinguished 
from the others with exceptionally high yield value but moderate viscosity. Also, textural 
properties such as hardness was significantly influence by refiner settings, fat content, 
temperature and their 2-way interactions thereof, with chocolate with settings 2×(2-1) 
exhibiting generally higher hardness at both 20 and 30˚C. Overall, it was evident that 
chocolate with refiner settings 2×(2-1), fat content of 32% and 100% pre-broken sucrose was 
more suitable for such possibility of improving the thermal resistance of the chocolate.
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CHAPTER 6: IMPROVING THERMAL STABILITY OF DARK 
CHOCOLATES THROUGH THE INCORPORATION OF SOFT 
AND HARD StOSt-RICH FATS 
This chapter is partly redrafted after: 
P. D. Tran, D. Van de Walle, M. Hinneh, C. Delbaere, N. De Clercq, D. N. Tran, K. Dewettinck. 
2015. Controlling the stability of chocolates through the incorporation of soft and hard StOSt-
rich fats. European Journal of Lipid Science and Technology, 117(11): 1700-1713.  
 
6.1 ABSTRACT 
The presented study investigates the functionality of hard and soft StOSt-rich fats (1,3-
distearoyl-2-oleoyl-glycerol) in plain dark chocolates. Blends of cocoa butter (CB) with 
different StOSt-rich fats, namely Vietnamese mango fat (VMF), Indian mango fat (IMF), its 
stearin (IMFst) and olein fraction (IMFol) were selected for application in these chocolate 
products based on their phase and crystallization behavior. It was shown that a fat phase 
formulation with CB/VMF 70/30 and CB/IMFst 70/30 increased the heat resistance of dark 
chocolate and maintained similar chocolate quality attributes (color, hardness, melting and 
flow properties) compared to the CB reference.  
6.2 INTRODUCTION 
Chocolates destined for consumption in tropical countries or summertime in temperate 
regions encounter plenty of technical issues due to inappropriate storage conditions and 
temperature fluctuations after purchase by consumers.  
Several studies have addressed the heat resistance of chocolate through three main 
strategies, i.e. strengthening of the structure by creation of a secondary network within the 
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matrix, addition of an oil-binding biopolymer and incorporation of a high-melting fat (Stortz & 
Marangoni, 2011). The latter approach is promising for a cost-effective valorization in tropical 
developing countries where huge amounts of hard fat could be extracted from unexploited 
industrial mango kernel wastes (FAOSTATS, 2011). Additionally, legislation on non- cocoa 
vegetable fat (NCVF) limitation in chocolate does not exist in those countries, whereas a 
maximum 5% level was set in a European context (Talbot, 2009b; Timms, 2003). The latter 
case was violated in attempts to increase the heat resistance of chocolate by the addition of 
stearic acid rich fats from kokum and mahua (Jeyarani & Reddy, 1999; Maheshwari & Yella 
Reddy, 2005). The StOSt content gives an indication of the heat resistance, hence, fats 
enriched in this fraction act as cocoa butter improver and decrease the tempering time of 
chocolate (Jeyarani & Reddy, 1999; Lipp & Anklam, 1998). For more than three decades, 
mango kernels from different varieties/origins has inspired a lot of researchers to study its fat 
phase (MF) showing both physically and chemically similitude to that of cocoa butter 
(Kaphueakngam et al., 2009; Lipp & Anklam, 1998; Moharram & Moustafa, 1982; Momeny et 
al., 2013; Muchiri et al., 2012; Nzikou et al., 2010; Solıś-Fuentes & Durán-de-Bazúa, 2004; 
Solís-Fuentes et al., 2005). Only one study was conducted on MF composition from 
Vietnamese origin (Matthaus et al., 2003). The higher heat resistance of MF was 
demonstrated by a comparative analysis of the melting behavior under stabilized conditions 
(Solıś-Fuentes & Durán-de-Bazúa, 2004). Most mentioned investigations focused on fat phase 
characterization and/or blending to produce cocoa butter equivalents (CBE). Additionally, the 
recent study conducted by Jahurul et al. (2014b) extended the application of mango kernel fat 
and palm stearin to produce hard butter with an increased heat resistance and tempering ease 
for the tropics. The key concern of this tactic is, however, the possibility of inducing a waxy 
mouthfeel which is detested by the consumer (Talbot, 2009b). Therefore, enhancing the heat 
resistance to an appropriate level whilst compromising the product quality attributes is highly 
desirable, for instance the 5% kokum fat-enriched chocolate showed good sensory properties 
with a simultaneous increase in melting temperature to 34.8°C (Maheshwari & Yella Reddy, 
2005). Therefore, commercial chocolate applications require more knowledge in regard to 
phase behavior/compatibility of mango fat (fraction) and cocoa butter blends and their actual 
outcome in heat resistance improvement taking the sensorial aspects into consideration. 
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The aim of this research was to investigate the impact of mango fats from different origins 
and mango fat fractions on the thermal resistance of chocolate. Simultaneously, chocolate 
quality attributes such as hardness, melting range and flow properties were considered. 
6.3 MATERIALS AND METHODS 
6.3.1 FATS 
West African cocoa butter (CB) was purchased from Cargill Chocolate Belgium (Mechelen, 
Belgium). The Long Uyen Company (Tien Giang province, Vietnam) provided mango seeds of 
Vietnamese origin. The hard shell were cut open to remove the kernels which were then dried 
at 60°C until a moisture content of less than 10% was reached. Extraction and refining of the 
crude fat was done by Manorama Industries Pvt. Ltd. (Chhattisgarh, India) and labelled 
Vietnamese mango fat (VMF). Refined Indian mango fat (IMF) and a stearin (IMFst) and olein 
fraction (IMFol) were supplied by Manorama Industries Pvt. Ltd. (Chhattisgarh, India). 
6.3.2 LAB-SCALE CHOCOLATE PRODUCTIONS 
Dark chocolates consisting of 49.5% pre-broken sugar (Barry Callebaut Belgium, Wieze, 
Belgium), 18.5% cocoa solids present in cocoa mass (Cargill Chocolate Belgium, Mechelen, 
Belgium), 31.6% fat (CB, CB/VMF 70/30, CB/IMFst 70/30, CB/IMF 90/10 and CB/IMFol 90/10) 
and 0.4% soy lecithin (Unimills, Zwijndrecht, the Netherlands) were produced on 4 kg scale. 
Mixing of the solid ingredients in the presence of 27.0% molten fat (70°C) was performed using 
a planetary Vema mixer BM 30/20 (NV Machinery Verhoest, Izegem, Belgium) for 20 min at 
45°C and rotational speed setting 3. Next, the mixed masses were refined using an Exakt 80S 
3-roll mill (Exakt Apparatebau, Norderstedt, Germany) at setting 2x(2–1). The processing 
parameters for refining and conching were set as previously mentioned in 2.3.2.1. Finally, the 
chocolates were manually tempered, moulded into bars of about 25 g (102x23x10 mm), 
vibrated, leveled off and cooled in a thermal cabinet for 30 min at 11°C (Chocolate World, 
Antwerp, Belgium). After a maturation period of 24 h at 18°C, the chocolate bars were 
individually wrapped into aluminum foil and stored in a thermal cabinet at 20°C and 50% 
relative humidity. The chocolate quality attributes were assessed 2 weeks after production.  
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6.3.3 METHODOLOGY 
6.3.3.1 FAT CHARACTERISATION 
The fatty acid compositions were determined following the protocols as outlined in the AOCS 
official methods Ce 1-62 and Ce 2-66. The TAGs were identified following the method 
developed by Rombaut et al. (2009). Moreover, POP, POSt and StOSt were quantified through 
calibration curves using a cocoa butter standard (801, IRMM, Geel, Belgium). 
Free fatty acid (FFA) content and unsaponifiable matter were determined following the AOCS 
official methods Ca 5a-40 and Ca 6a-40 (2011), respectively. 
The SFC profiles of cocoa butter/mango fat blends were recorded using a 23 MHz 1H NMR 
Maran Ultra device from Oxford Instruments (Tubney Woods, Abingdon, Oxfordshire, UK) 
according to the AOCS Official method Cd 16b-93. With the TAG composition of the fats being 
dominated by 2-oleo-disaturated glycerides, the polymorphic form had to be stabilized to 
obtain reproducible results. For this reason an official tempering step of 40 h at 26°C was 
applied prior to analysis. Measurements were done in triplicate. Given the SFC data of the fat 
blends, isosolid diagram were constructed (Timms, 1979). The non-isothermal crystallization 
behavior of CB and the blends CB/VMF 70/30, CB/IMFst70/30, CB/IMF 90/10 and CB/IMFol 
90/10 was recorded at a cooling rate of 5.0°C.min-1 using the Q1000 DSC (TA Instruments, New 
Castle, Delaware, USA) equipped with a Refrigerated Cooling System. Nitrogen was used as 
purge gas. The cell constant (1.019) was set with indium (TA Instruments) having a melting 
enthalpy of 28.57 J.g-1. In addition to indium (Tm = 156.60°C), azobenzene (Sigma–Aldrich, 
Bornem, Belgium) and undecane (Acros Organics, Geel, Belgium), having a melting 
temperature of, respectively, 68.50 and 26.00°C were used for temperature calibration. 
Molten fat (8.0–12.0 mg) was sealed in hermetic aluminum cups (TA Instruments) and an 
empty pan was used as a reference. Measurements were done in triplicate. Crystallization 
onset and maximum temperatures were derived from the Universal Analysis 2000 software 
version 4.7A (TA Instruments). 
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6.3.3.2 CHOCOLATE QUALITY ATTRIBUTES 
The moisture content was determined using Karl Fischer titration. The particle size distribution 
(PSD) was measured using laser light diffraction (Malvern Mastersizer S, Malvern Instruments 
Ltd., Worcestershire, UK) equipped with a 300 RF lens to measure particles in the range of 
0.05–900 mm. For each liquid chocolate, three subsamples of 0.5 g were mixed with 10 ml of 
isopropanol (VWR, Leuven, Belgium), put in an oven at 50°C for 1 h and measured five times. 
From the recorded PSD, characteristic parameters were derived. 
Chocolate color was measured in quintuplicate using the Minolta Model CM-2500D 
spectrophotometer (Konica Minolta Sensing, Osaka, Japan). The color was expressed in terms 
of L* (lightness component), a* (green to red component) and b* (blue to yellow component). 
Here only values for SCE (specular component excluded) were considered as they have been 
claimed to be highly correlated to the human eye observation. Hardness was determined 
through the 5942 Instron Texture Analyzer (High Wycombe, UK) equipped with a 500N load 
cell and needle-shaped probe. The test was triggered by a pre-load of 0.2N and the chocolate 
bars were penetrated to a depth of 5 mm at a rate of 2 mm.s-1. The melting profile was 
recorded at a heating rate of 5.0°C.min-1. The instrumental set-up of the Q1000 DSC was as 
described above. Chocolate slivers (4.0–6.0 mg) were sampled. Melting peak integration was 
performed using a linear baseline in the Universal Analysis 2000 software version 4.7A (TA 
Instruments), the end limit being set at 50°C. Peaks were characterized by onset (°C), 
maximum temperature (°C) and enthalpy (J.g-1). Onset and offset (°C) temperature were 
defined as temperature at which, respectively, 1 and 99% of melting (area %) was completed. 
Chocolate flow behavior at 40°C was recorded in triplicate using the official ICA46-method and 
an AR2000 rheometer (TA Instruments) equipped with concentric DIN cylinder (cylinder: 42.00 
mm; rotor outer radius: 14.00 mm; stator inner radius: 15.00 mm; geometry gap: 5920 mm). 
The flow data were fitted to the Casson model from which the Casson yield stress CA (Pa) and 
Casson viscosity CA (Pa.s) were deduced. Thermal stability of chocolate was studied through 
the oil release test as described by Beckett (2008) but at slightly elevated temperature (34°C). 
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6.3.4 STATISTICAL ANALYSIS 
One-way ANOVA (SPSS22, SPSS, Inc., Chicago, USA) was used to investigate possible significant 
differences in the quality attributes between chocolates. Testing for equal variances was 
performed with the Modified Levene Test. When conditions for equal variance were fulfilled, 
the Tukey test was used to determine differences between samples. In case variances were 
not equal, Games–Howell test was performed. All tests were done at a significance level of 
0.05. 
6.4 RESULTS 
6.4.1 FAT CHARACTERISATION 
Table 6.1 and Figure 6.1 show the main chemical properties of cocoa butter and mango fat 
(fractions). CB appeared to have the highest amount of palmitic acid (26.7%), more than three 
times larger compared to the mango fat samples. Within the latter, IMFol had a slightly higher 
palmitic acid content than IMF, IMFst and VMF. Interestingly, in terms of stearic acid content, 
unmodified VMF recorded the highest percentage (50.2%) followed by IMFst (46.9%), IMF 
(41.1%), IMFol (36.4%) and CB (35.5%). However, CB exhibited the highest SFA content 
followed by VMF, IMFst, IMF and IMFol. The mango fat olein fraction was richest in MUFA, 
more specifically in oleic (C18:1) acid, due to the fractionation process. 
The dissimilarity in fatty acid composition between the fats was reflected in the TAG profile. 
In contrast to CB, POP was only present in minor amounts in MF, being rich in POSt and even 
more importantly StOSt. Another vital TAG in the sampled mango fats was undoubtedly StOO. 
However, because of its unspecified content in the standard, StOO could not be quantified. 
The ratio of the three most relevant TAGs in the different base fats is illustrated in a ternary 
compositional diagram (Figure 6.2). The grey zone is region where fat blends with CB have 
highly comparable crystallisation and tempering behaviour (Miguel, 2012). The diagram 
clearly shows the similarity in terms of TAG composition between on one hand VMF and IMFst 
and on the other hand IMF and IMFol. Whereas all MFs were (relatively) rich in StOSt, CB 
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showed quite moderate proportions of all plotted TAGs. IMF and IMFol had proportionally 
relatively higher POSt amounts than VMF and IMFst. 
Table 6.1: Chemical characterization of cocoa butter and mango fat (fractions) 
Component CB VMF IMFst IMF IMFol 
Fatty acids (%)      
        C16:0 26.7 6.1 6.7 7.8 8.5 
        C18:0 35.5 50.2 46.9 41.1 36.4 
        C18:1 32.7 35.4 38.7 42.1 44.8 
        C18:2 2.8 4.1 2.7 3.7 4.2 
        C20:0 1.0 1.9 2.9 2.8 3.4 
        SFA 63.8 59.1 57.6 52.8 49.5 
       MUFA 33.1 35.8 39.2 42.8 45.6 
       PUFA 3.1 5.1 3.1 4.2 4.8 
Triglycerides (%)      
      PLP 0.9 0.0 0.0 0.1 0.1 
      POO 1.5 0.5 1.8 3.3 7.7 
      PLSt 2.4 1.0 0.4 0.8 1.2 
      POP 17.7 0.3 0.6 1.1 1.4 
      StOO/PPP 2.5 9.5 14.7 20.7 26.3 
      StLSt 0.2 4.2 2.3 3.4 3.6 
      POSt 41.3 13.6 13.2 17.3 13.5 
      PPSt 0.3 0.3 0.8 1.5 2.5 
      StOSt 29.5 66.3 53.9 38.1 28.5 
      PStSt 0.2 0.0 0.3 0.3 0.3 
      StOA 0.6 2.3 5.0 4.2 5.0 
     Others 0.2 2 7.2 9.2 9.8 
POP/(StOSt + POSt) 0,25 0,00 0,01 0,02 0,03 
FFA (g.100 g-1) 1.69 0.07 0.24 0.29 0.46 
Unsaponifiable matter (g.100 g-1) 0.92 1.27 1.78 1.61 1.88 
SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated fatty acids; 
PLP: 1,3-dipalmitoyl-2-linoleoyl-glycerol; POO: 1-palmitoyl-2,3-dioleoyl-glycerol; PLSt: 1-palmitoyl-2- 
linoleoyl-3-stearoyl-glycerol; POP: 1,3-dipalmitoyl-2-oleoyl-glycerol; StOO: 1-stearoyl-2,3-dioleoyl-
glycerol; PPP: tripalmitoyl-glycerol; StLSt: 1,3-distearoyl-2-linoleoyl-glycerol; POSt: 1-palmitoyl-2-
oleoyl-3-stearoyl-glycerol; PPSt: 1,2-dipalmitoyl-3-stearoyl- glycerol; StOSt: 1,3-distearoyl-2-oleoyl-
glycerol; PStSt: 1-palmitoyl-2,3-distearoyl-glycerol; StOA:  1-stearoyl-2-oleoyl-3-arachidoyl-glycerol; 
FFA: free fatty acid. 
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Figure 6.1: Comparison of TAG-profile of CB and MF using HPLC-ELSD 
Apart from CB, the MFs had an unsaponifiable matter higher than 1% (Table 6.1), with IMFol 
showing the highest value (1.88 g.100 g-1). FFA content, expressed as oleic acid, of CB (Table 
6.1) was close to the legal limit (1.75%) according to the EU Directive 2000/36/EC. In contrast, 
MFs showed clearly lower values. 
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Figure 6.2: Positions of CB, VMF, IMFst, IMF and IMFol on the ternary phase diagram 
POP/POSt/StOSt (after Bootello et al. (2012) 
With our intention to improve the heat and bloom resistance of chocolate, SFC profiles (Figure 
6.3) were recorded and isosolid diagrams (Figure 6.4) were constructed to study the 
compatibility as affected by composition. Regarding CB/VMF (Figure 6.3A) and CB/IMFst 
systems (Figure 6.3B), all blends exhibited a lower SFC than CB in the temperature range 20–
25°C. The reverse trend was observed at higher temperatures. In the case of CB/IMF (Figure 
6.3C) and CB/IMFol blends (Figure 6.3D), a lower SFC values than CB at all temperatures were 
observed, except for CB/IMF mixtures at 32 and 34°C. However, CB/IMF 90/10 and CB/ IMFol 
90/10 completed melting in the same temperature interval. The isosolid diagrams indicate 
that VMF (Figure 6.4A) and IMFst (Figure 6.4B) had a positive impact on the SFC values less 
than, respectively, 60 and 50%, and additionally exhibited good compatibility. In contrast, IMF 
(Figure 6.4C) and IMFol (Figure 6.4D) showed good compatibility at SFC below 5–20% at all 
IMF content and at below 50% IMFol (w/w), respectively. 
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(A) CB/VMF (B) CB/IMFst 
  
(C) CB/IMF (D) CB/IMFol 
Figure 6.3: SFC profiles of (A) CB/VMF, (B) CB/IMFst, (C) CB/IMF and (D) CB/IMFol 
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(A) CB/VMF (B) CB/IMFst 
  
(C) CB/IMF (D) CB/IMFol 
Figure 6.4: Isosolid diagrams of (A) CB/VMF, (B) CB/IMFst, (C) CB/IMF and (D) CB/IMFol 
An increase in onset temperature of the main TAGs during crystallization, probably indicative 
of a higher nucleation rate, was observed by incorporating 30% VMF or IMFst, and to a lesser 
extent 10% IMFol or IMF to CB (Table 6.2). 
Table 6.2: Onset temperature of CB and fat blends CB/VMF 70/30, CB/IMFst 70/30, CB/IMF 90/10 
and CB/IMFol 90/10 during cooling 
Parameter CB CB/VMF CB/IMFst CB/IMF CB/IMFol 
Onset (°C) 16.22 ± 0.15 17.43 ± 0.47 16.99 ± 0.04 16.54 ± 0.13 16.65 ± 0.18 
x ± y: average ± standard deviation 
SFC SFC 
SFC SFC 
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6.4.2 CHOCOLATE QUALITY ATTRIBUTES 
High-moisture contents are associated with increases in particle sizes, flow parameters, heat 
resistance and hardness (Chevalley, 1994; Stortz & Marangoni, 2011). PSD has an influence on 
chocolate hardness, melting index and flow behaviour (Afoakwa et al., 2008a; Afoakwa et al., 
2008c; Afoakwa et al., 2008e). Moreover, smaller particle sizes of solid particles in chocolate 
also allows a closer particle packing, hence, a more dense microstructure (Afoakwa et al., 
2009b; Choi et al., 2005; Hartel, 1996; McCarthy & McCarthy, 2008). Table 6.3 shows the 
moisture and PSD parameters of the chocolates formulated with different fat phases. Results 
reveal a negligible impact of moisture content on the quality attributes of different chocolates 
(p < 0.05) with values ranging between 0.29 and 0.32%. All chocolates exhibited comparable 
PSD parameters, with slightly higher D[43] values for chocolates formulated with CB/VMF 
70/30, CB/IMFst 70/30 and CB/IMFol 90/10. This difference is not expected to affect the 
mouthfeel. 
Table 6.3: Comparison of moisture and particle size distribution parameters of chocolates (n=3) 
Parameter CB CB/VMF 70/30 CB/IMFst 70/30 CB/IMF 90/10 CB/IMFol 90/10 
Moisture (g.100 g-1) 0.32 ± 0.01a 0.30 ± 0.01a 0.30 ± 0.02a 0.29 ± 0.02a 0.32 ± 0.01a 
PSD (particle size distribution) parameters 
D[32] (µm) 2.5 ± 0.1a 2.5 ± 0.0a 2.5 ± 0.0a 2.3 ± 0.1a 2.5 ± 0.1a 
D[43] (µm) 8.6 ± 0.3a,b 9.1 ± 0.0c 9.2 ± 0.1c 8.3 ± 0.0a 9.0 ± 0.2b,c 
D[v,0.1] (µm) 1.2 ± 0.0a 1.2 ± 0.0a 1.2 ± 0.0a 1.1 ± 0.0a 1.2 ± 0.0a 
D[v,0.5] (µm) 6.3 ± 0.2a,b 6.4 ± 0.0b 6.4 ± 0.1a,b 6.0 ± 0.0a 6.4 ± 0.1a,b 
D[v,0.9] (µm) 19.5 ± 0.7a 21.1 ± 0.0b 21.3 ± 0.2b 19.0 ± 0.1a 20.8 ± 0.3b 
SSA (m2/m3) 2.4 ± 0.1a 2.4 ± 0.1a 2.4 ± 0.0a 2.6 ± 0.1b 2.4 ± 0.1a 
x ± y: average ± standard deviation 
a,b,c: different superscripts indicate significant differences (p<0.05) between chocolates following One-
way Anova and post-hoc test 
 
Although significant (p < 0.05), small differences in color parameters were found between the 
chocolates, L being lowest (darker) in the chocolate formulated with CB and highest (lighter) 
in that with CB/IMFol 90/10 (Table 6.4). A high correlation (R2 = 0.85) was found between L 
and D [32], which is related to the specific surface area. 
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Results of texture analysis (Table 6.4) were not in agreement with that of SFC profile (R2 = 
0.30), demonstrating that PSD of the dispersed phase and network strength of the continuous 
phase also have an impact. Generally, the observed differences in hardness can be considered 
as minimal. 
Table 6.4: Chocolate quality attributions as affected by fat phase composition (n=3) 
Parameter CB CB/VMF CB/IMFst CB/IMF 90/10 CB/IMFol 
Color parameters      
L* 26.6 ± 0.3a 27.2 ± 0.3b 27.7 ± 0.4b 29.9 ± 0.4c 27.7 ± 0.0b 
a* 7.7 ± 0.2c 7.3 ± 0.2b 7.4 ± 0.1b,c 6.8 ± 0.1a 7.4 ± 0.2b,c 
b* 5.6 ± 0.3b 5.5 ± 0.4a,b 5.4 ± 0.2a,b 5.0 ± 0.2a 5.4 ± 0.3a,b 
Hardness 20°C (N) 13.3 ± 0.3b 13.8 ± 0.5b 12.9 ± 0.3a 13.7 ± 0.6b 12.7 ± 0.6a 
Melting      
Onset (°C) 24.9 ± 0.4c 24.4 ± 0.0b,c 24.0 ± 0.1a,b 24.2 ± 0.3a,b 23.7 ± 0.2a 
Maximum (°C) 34.0 ± 0.4a 35.5 ± 0.1b 35.0 ± 0.2b 34.1 ± 0.3a 33.7 ± 0.1a 
Offset (°C) 37.4 ± 0.2a,b 38.8 ± 0.3d 38.2 ± 0.3c 37.8 ± 0.0b,c 37.0 ± 0.2a 
Enthalpy (J.g-1) 43.7 ± 0.6b 42.2 ± 0.7a,b 40.6 ± 0.2a 41.9 ± 0.5a,b 41.4 ± 0.1b 
Flow parameters      
σCA (Pa) 11.0 ± 0.3b 9.3 ± 0.3a 9.1 ± 0.1a 11.1 ± 0.0b 9.4 ± 0.1a 
ηCA (Pa.s) 2.77 ± 0.01a 2.75 ± 0.03a 2.77 ± 0.04a 2.74 ± 0.03a 2.70 ± 0.03a 
Oil release (%) 1.15 ± 0.18c 0.16 ± 0.02a 0.44 ± 0.05b 1.30 ± 0.18c 1.52 ± 0.22c 
x ± y: average ± standard deviation 
a,b,c,d: different superscripts indicate significant differences (p<0.05) between chocolates following 
One-way Anova and post-hoc test 
 
The melting profiles of all chocolates were characterized by their onset, peak maximum and 
offset temperature, and enthalpy. Onset temperature varied between 23.7 and 24.9°C, and 
correlated to a moderate extent (R2 = 0.73) with the sum of POP, POSt and StOSt (Table 6.4). 
Chocolates formulated with CB/VMF 70/30 and CB/IMFst 70/30 had a significantly higher peak 
maximum and offset temperature (p < 0.05) than the other chocolates, demonstrating the 
StOSt effect on increased heat resistance (R2 = 0.80 and 0.70). Furthermore, small significant 
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differences (p < 0.05) in melting enthalpy were observed, correlating very well (R2 = 0.99) with 
the sum of POP, POSt and StOSt. 
Table 6.4 shows the flow parameters of the liquid chocolates. The Casson yield stress (σCA) of 
chocolate formulated with CB was similar to that containing CB/IMF 90/10, but somewhat 
higher (p < 0.05) than the other chocolates. In contrast, no significant differences were 
observed in ƞCA. Strong correlations were found between σCA and the parameters D[43] (R2 = 
0.93) and D[v,0.9] (R2 = 0.97). 
The heat resistant test showed highest oil release in CB, CB/IMF and CB/IMFol chocolates 
whereas those formulated with VMF and IMFst were more heat resistant. Herein, the SFC at 
34°C correlated moderately with the amount of oil released (R2 = 0.91). 
6.5 DISCUSSION 
Regarding the fat phase, in conformity to various studies, palmitic, stearic and oleic acid were 
the three major fatty acids in all sampled mango fats (Beckett, 2008; Chaiseri & Dimick, 1987; 
Lipp & Anklam, 1998; Momeny et al., 2013). Due to seasonal and varietal variation, the relative 
fatty acid composition may alter. This was especially the case for VMF, highly saturated 
without undergoing any fractionation, compared to IMF. Moreover, Matthaus et al. (2003) 
reported substantially lower contents of stearic acid (28.3%) and higher contents of oleic acid 
(48.9%) in fat from Mangifera indica species from Vietnam. In terms of FFA, CB exhibited 
clearly a higher value than MFs. De Clercq et al. (2012) stated that FFA was positively 
correlated to the Casson yield value (σCA) and negatively correlated to the Casson plastic 
viscosity (ηCA). From a nutritional point of view, a high-unsaponifiable matter, as observed in 
mango fats and its fractions, are often associated with several health benefits, including anti-
inflammatory properties (triterpene alcohols), cholesterol-lowering impact (sterols), well-
tolerated occlusive effect on the skin (squalene), anti-oxidative capacity (tocopherols and 
tocotrienols), reversing of atherosclerosis, anti-cancer (breast, liver), tumor suppression, anti-
thrombotic effect and several others (Fontanel, 2013; Lipp & Anklam, 1998). The obtained 
values of higher than 1% in unsaponifiables in refined mango fats herein might have an 
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influence on the crystallization behavior (Lipp & Anklam, 1998). As can be seen in Figure 6.2, 
all MFs are expected to exhibit a crystallization and tempering behavior different from CB 
(Bootello et al., 2012). However, all MFs had over twice lower POSt than CB, confirming the 
statement of Lipp and Anklam (1998) that no other natural fats contain as much POSt as cocoa 
butter. By blending the various mango fats with CB at different concentrations, several 
mixtures exhibiting both a crystallization and tempering behavior of large similitude to that of 
CB can be obtained. These mixtures are situated in the vicinity of CB, indicated by the grey 
area on the ternary plot, including CB/VMF 70/30, CB/IMFst 70/30, CB/IMF 90/10 and 
CB/IMFol 90/10. For the introduction into chocolate (see below), CB/IMF 90/10 and CB/IMFol 
90/10 were selected complying with European legislation, whereas CB/VMF 70/30 and 
CB/IMFst 70/30 were applied to have an optimal heat resistance targeting tropical countries. 
Chocolate generally melts at 33.8°C when solid cocoa butter transitions to liquid (Stortz & 
Marangoni, 2011). It was evident that addition of VMF (Figure 6.3A) and IMFst (Figure 6.3B), 
both rich in StOSt, to CB increased the overall heat resistance of the mixture, whereby CB/VMF 
70/30 and CB/IMFst 70/30 completed melting between 36 and 38°C, a 2°C increase compared 
to CB, which likely will not result in a waxy mouthfeel. The more pronounced hardening effect 
of VMF compared to IMF stearin can be attributed to its higher amount of StOSt and lower 
POP/ (POSt + StOSt) ratio. The high StOSt in VMF and IMFst possibly contributed to promoting 
various interactions to create a highly packed matrix entrapping the liquid fat and making it 
more difficult to migrate through the chocolate matrix, thereby increasing heat resistance. 
Talbot (2009b) asserted that knowledge of the intercompatibility between TAGs of CB and an 
additional fat phase is crucial to prevent any possible eutectic behavior leading to softening 
and alteration of the polymorphic behavior of the resulting fat blend. Herein, linear isosolid 
lines are indicative of good compatibility (no eutectics) in Figure 6.4 (Solıś-Fuentes & Durán-
de-Bazúa, 2004; Talbot, 2009b). A more limited compatibility with CB was observed for IMF 
and IMF olein in comparison to VMF and IMFst, justifying the incorporation of only 10% of 
these MF into the chocolate fat phase. 
Chocolate yield value depends on interparticle interactions, which is determined by its specific 
surface area (Bolenz & Manske, 2013). The somewhat narrower PSD of CB and CB/IMF 90/10 
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resulted in a slightly higher yield value. No significant differences were observed in ηCA in this 
study, indicating similar quality in terms of coating thickness and mouthfeel viscosity. Overall, 
the differences in particle size distribution, color, hardness and flow properties can be 
regarded as small among the chocolates, indicative for a similar quality. Therefore, it can be 
assumed that the differences observed in fat bloom development which is tackled in the next 
chapter can be attributed to distinct fat phase composition and crystallization behavior. 
The heat resistance test is a quick method to assess chocolate melting and sticking to the 
packaging based on the amount of oil released (Beckett, 2008). Additionally, samples with 
minimal oil release, i.e. VMF and IMFst, are possibly indicative of chocolates with a close-
packed matrix, more gloss and less possibility for oil migration eventually leading to bloom 
formation. 
6.6 CONCLUSIONS 
In conclusion, this study showed the usefulness of incorporating hard StOSt-rich fats for the 
development of heat resistant chocolate. This can even be obtained without fractionation, as 
was shown for mango kernel fat from Vietnamese origin, making it an interesting fat source 
for exploitation in the tropics.  
 
In part III,  dark chocolates with improved heat resistance and compromised specific flow 
properties for the production of pralines through moulding, were developed by two different 
strategies i.e. variation of chocolate processing parameters and ingredients. Chapter 5 studied 
the impact of ingredient variations and processing by tuning particle size, sucrose type and fat 
content. Chapter 6 focused on the incorporation of hard and soft StOSt-rich fats in chocolate. 
In the next part, only chocolates enriched with StOSt fats were furthered processed into 
pralines to research the functionality of mango fats in pralines with respect to the stability of 
oil migration fat bloom (chapter 7) polymorphic fat bloom and sugar bloom (chapter 8). 
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CHAPTER 7: CONTROLLING OIL MIGRATION FAT BLOOM 
IN PRALINES USING HARD AND SOFT StOSt-RICH FATS 
This chapter is partly redrafted after: 
P. D. Tran, D. Van de Walle, M. Hinneh, C. Delbaere, N. De Clercq, D. N. Tran, K. Dewettinck. 
2015. Controlling the stability of chocolates through the incorporation of soft and hard StOSt-
rich fats. European Journal of Lipid Science and Technology, 117(11): 1700-1713.  
 
7.1 ABSTRACT 
The presented study investigates the functionality of hard and soft StOSt-rich fats in plain and 
hazelnut-based filled dark chocolates. Blends of cocoa butter (CB) with different StOSt-rich 
fats, namely Vietnamese mango fat (VMF), Indian mango fat (IMF), its stearin (IMFst) and olein 
fraction (IMFol) were selected for application in these chocolate products based on their 
phase and crystallization behavior (see chapter 6). It was shown that a fat phase formulation 
with CB/VMF 70/30 and CB/IMFst 70/30 increased the fat bloom stability following oil 
migration, as shown by visual assessment by a trained panel, cryo-SEM imaging and oil 
migration monitoring by HPLC-ELSD. In addition, the fat blend CB/IMFol 90/10, suitable for 
chocolate applications under non-tropical conditions, was shown to retard oil migration fat 
bloom as well. Distinct mechanisms for the observed phenomena were proposed. 
Furthermore, the different steps of fat bloom development, starting from the appearance of 
oil blisters to the presence of crystals (30 µm) on the chocolate surface were captured using 
cryo-SEM. 
7.2 INTRODUCTION 
Fat bloom is the main quality defect in chocolate and fat-based pralines in general. This 
phenomenon is adversely affected by the high temperature amongst others (Afoakwa, 2011; 
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Beckett, 2011). A bloomed chocolate (coating) is characterized by the loss of gloss and 
smoothness, and an undesirable discoloration of the chocolate surface which gives it a ‘moldy’ 
appearance. Two types of fat bloom are encountered in the chocolate industry, more 
particularly migration and polymorphic fat bloom (Afoakwa, 2011). The former relates to the 
migration of liquid oil from nut or fat - based fillings to the chocolate shell leading to the 
dissolution of solid cocoa butter which may recrystallize in the βVI form on the surface. The 
TAGs from the chocolate also migrate to the filling, but to a lesser extent, until the lipid 
composition of the two phases is identical (Ghosh et al., 2002; Smith et al., 2008). This 
phenomenon is known to either occur under the influence of diffusion through the matrix or 
via movement, whether or not under capillary action, through cavities in the matrix (Lencki & 
Craven, 2013; Ziegleder, 2009). Effect of storage temperature on oil migration and/or fat 
bloom development in filled chocolates was studied by several researchers (Choi et al., 2005; 
Depypere et al., 2009; Guiheneuf et al., 1997; Miquel & Hall, 2002; Misnawi et al., 2003; Smith 
& Dahlman, 2005). The migration rate is accelerated at the temperature range of 23–30°C 
where the solid fat content of cocoa butter decrease sharply (Aguilera et al., 2004). It is worth 
mentioning that the oil migration is the primary cause of the onset of fat bloom but does not 
necessarily correlates with the visual growth of bloom on the chocolate surface (Ziegler, 
2009a). For dark chocolate, the bloom formation is optimal between 18–26°C with a maximum 
at 20°C beyond which melting dominates crystal growth (Timms, 2002; Ziegler et al., 2004). 
Ziegleder and Schwingshandl (1998) asserted that the migration fat bloom in chocolate 
diminishes from 23°C onward. Temperature cycling is often applied as accelerated shelf life 
test on fat bloom development (Ali et al., 2001; Altimiras et al., 2007; Jinap & Thean, 2003; 
Kinta & Hartel, 2010). However, the applied high temperature probably induces fat melting 
and structural changes due to abuse rather than normal ageing (Subramaniam, 1998). This 
temperature regime is neither standardized nor requisite to study fat bloom development 
(Lonchampt & Hartel, 2004; Ziegler et al., 2004). The storage of filled chocolate at constant 
temperatures is in favor due to the formation of coarse crystal structure on the surface 
through oil migration and Oswald ripening. 
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Polymorphic fat bloom associates with the polymorphic transition from βV to βVI, generally 
characterized by needle-like crystals which protrude above the chocolate surface. This 
phenomenon leads to the scattering of incident light and the perception of a white-greyish 
haze (Lonchampt & Hartel, 2004). Hence, hindering the formation of needle-like structures at 
the surface connotes no visible fat bloom (Adenier et al., 1993). Indeed, ingredients inhibiting 
the polymorphic transition to βVI can be incorporated into chocolate as anti-bloom agents, 
such as high-melting milk fat fraction, specific TAGs and emulsifiers (Momura et al., 1988; 
Sato, 2001; Smith et al., 2008; Sonwai & Rousseau, 2010). In chapter 6, mango fat (fraction) 
have shown their compatibility with cocoa butter and actual outcome in heat resistant 
chocolate, however, its application in oil migration fat bloom is not yet assessed. 
Investigations somewhat related to the focus in our study suggested the use of BOB (B: 
behenic acid) or mixed TAGs (at least one fatty acid among the three having long chain lengths, 
namely 20–24 carbon atoms) to retard fat bloom (Momura et al., 1988; Sato, 2001). However, 
chocolate quality attributes were not fully considered in those studies.  
As mentioned earlier, the utilization of mango fat is promising for a cost-effective valorization 
in tropical developing countries where huge amounts of hard fat could be extracted from 
unexploited industrial mango kernel wastes (FAOSTATS, 2011). Additionally, legislation on 
non-cocoa vegetable fat (NCVF) limitation in chocolate does not exist in those countries, 
whereas a maximum 5% level was set in a European context (Talbot, 2009b; Timms, 2003).  
The aim of this research was to investigate the impact of mango fats from different origins 
and mango fat fractions on the oil migration fat bloom in chocolate. Simultaneously, chocolate 
quality attributes such as hardness, melting range and flow properties were considered. 
7.3 MATERIALS AND METHODS 
7.3.1 FATS 
Fats used in 6.3.1 were selected to further investigate in this chapter.  
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7.3.2 LAB-SCALE PRODUCTIONS 
7.3.2.1 CHOCOLATE 
Dark chocolates were produced with the same manner and composition as 6.3.2. The final 
chocolates were manually tempered, moulded into discs of about 1.6 g (24 mm diameter; 3 
mm thickness), vibrated, leveled off and cooled in a thermal cabinet for 30 min at 11°C 
(Chocolate World, Antwerp, Belgium). After a maturation period of 24 h at 18°C, the chocolate 
discs were placed on top of the hazelnut filling in regard of the accelerated fat bloom test. 
7.3.2.2 HAZELNUT FILLING 
Hazelnut filling consisting of 50.0% pre-broken sugar, 20.0% hazelnut mass (Oltan Group, 
Trabzon, Turkey) and 30.0% palm oil (Loders Croklaan, Wormerveer, the Netherlands) was 
produced on 8 kg scale. Mixing of sugar and hazelnut mass was done using a planetary mixer 
for 20 min at a temperature of 45°C. This mixture was refined using a 3-roll refiner at setting 
3–1, 400 rpm and 35°C. Afterwards, molten palm oil (70°C) was added and the final product 
was mixed for 20 min at 45°C. Empty Petri dishes were filled with hazelnut filling at 35°C 
followed by vibrating and cooling at 11°C for 3 h in a thermal cabinet after which they were 
transferred unto racks for subsequent maturation at 20°C. After 24 h, the hazelnut filling was 
covered with tempered chocolate discs. 
7.3.2.3 ACCELERATED FAT BLOOM TEST 
Covered Petri dishes enclosing hazelnut filling and chocolate discs, and plain chocolate discs 
were stored in thermal cabinets at 20 and 23°C. Visual and microscopic assessment as well as 
sampling for oil migration was performed as a function of storage time. 
 
 
 
Chapter 7: The functionality of hard and soft StOSt-rich fats in controlling oil migration fat bloom 
 
167 | P a g e  
 
7.3.3 METHODOLOGY 
7.3.3.1 OIL MIGRATION MONITORING 
In order to monitor the degree of oil migration from hazelnut filling to the chocolate discs at 
23°C, the TAG profile of the chocolate matrix was recorded. Hereto, the chocolate fat phase 
was extracted by dissolution in petroleum ether, vigorously shaking, centrifugation (10 min at 
3000 rpm), sampling of the supernatant and evaporation at 50°C. Prior to fat extraction, a 
chocolate layer (about 50 µm) in direct contact with hazelnut filling was discarded. TAG 
analysis was done as abovementioned. Triolein (OOO), abundantly present in hazelnut mass, 
was used as marker to monitor oil migration. Hereby, a normalization was done by 
determining the ratio OOO/StOSt (Khan & Rousseau, 2006), which was corrected for 
differences in StOSt between the fat phases. 
7.3.3.2 FAT BLOOM MONITORING 
Chocolate discs, whether or not in contact with filling, were sampled for visual assessment of 
fat bloom by a 6-membered trained panel. The panelists gave point scores according to the 
presence of fat bloom, namely 0 for 0%, 1 for 0–24%, 2 for 25–49%, 3 for 50–74%, 4 for 75–
99% and 5 for 100% of the surface area showing fat bloom. The surface topography of the 
chocolate discs was visualized using a JSM-7100 F TTLS LV TFEG-SEM (Scanning Electric 
Microscopy) (Jeol Europe, Zaventem, Belgium) under high vacuum and at an accelerated 
voltage of 5–keV. Prior to electron beam targeting, the samples were vitrified in liquid 
nitrogen and transferred to a PP3000T device (Quorum Technologies, East Sussex, UK) at 
140°C. Here, the samples were allowed to sublime for 15 min at 90°C in order to remove frost 
artifacts. Prior to the transfer from the cryo-preparation to the SEM chamber, a thin layer of 
a conductive metal (Pt) was deposited on the samples. This sputter coating process prevents 
charging of specimens with an electron beam. 
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7.3.4 STATISTICAL ANALYSIS 
One-way ANOVA (SPSS22, SPSS, Inc., Chicago, USA) was used to investigate possible significant 
differences in the quality attributes between chocolates. Testing for equal variances was 
performed with the Modified Levene Test. When conditions for equal variance were fulfilled, 
the Tukey test was used to determine differences between samples. In case variances were 
not equal, Games–Howell test was performed. All tests were done at a significance level of 
0.05. 
 
7.4 RESULTS 
The chocolate discs, not in contact with hazelnut filling, did not show fat bloom crystals on the 
surface within the timeframe of the experiment, namely 12 weeks at 23°C and 24 weeks at 
20°C. This observation was assessed by the trained panel and confirmed by cryo-SEM imaging 
(data not shown). It hereby confirms an adequate tempering degree excluding the 
development of polymorphic fat bloom within the timeframe of the experiment.  
 
7.4.1 THE EVOLUTION OF FAT BLOOM ON CHOCOLATE 
In the case of chocolate in contact with hazelnut filling, fat bloom was observed visually and 
microscopically as affected by storage time, temperature and fat composition. Figure 7.1 
shows the development of oil migration fat bloom on a microscopic scale. Prior to crystal 
growth on the chocolate surface, circular blisters are formed due to migrated oil (Figure 7.1A). 
Out of these oil blisters, fat crystals start to grow (Figure 7.1B) to sizes of about 30 µm (Figure 
7.1C). Note that the cracks observed in Figure 7.1A are due to vitrification in preparation of 
SEM imaging. 
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(A) 
  
(B) 
  
(C) 
Figure 7.1: Overview of fat bloom development on chocolate surface following oil migration 
captured by Cryo-SEM: (A) occurrence of oil blisters at magnification 500; (B) sprouting of fat 
crystals from oil blisters at magnification 500; (C) further grow of fat crystals at magnification 2000 
 
7.4.2 THE EFFECT OF STORAGE TEMPERATURE AND FAT BLENDS ON CHOCOLATE 
FAT BLOOM  
Figure 7.2 shows the visual assessment scores for the presence of fat bloom on an area basis 
(from 0 for 0% bloom to 5 for 100% bloom) as affected by fat phase composition, time and 
temperature. Generally, it can be seen that the chocolate surface is more contaminated with 
fat bloom crystals with an increase in storage temperature from 20°C (Figure 7.2B) to 23°C 
(Figure 7.2A) and time. Moreover, it can be deduced from these graphs that fat bloom 
developed about three times faster when increasing temperature from 20 to 23°C, justifying 
the choice of 23°C for an accelerated fat bloom test. It needs to be stressed that in this set-up 
an oil-rich hazelnut filling was used which additionally fastened fat bloom development. 
Regarding the fat phase composition, it can be concluded that the fat bloom stability of 
chocolate can be improved by applying CB/VMF 70/30, CB/IMFst 70/30 and to a lesser extent 
CB/IMFol 90/10 compared to CB. The visual assessment was confirmed with cryo-SEM (Figure 
7.3), demonstrating the usefulness of a trained panel. 
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(A) 
 
(B) 
Figure 7.2: Panel scores for fat bloom on chocolate discs in contact with hazelnut filling at (A) 23°C 
and (B) 20°C as affected by storage time and fat phase composition 
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a,b,c: different superscripts indicate significant differences (P<0.05) between chocolates at the same storage 
time following One-way ANOVA and post hoc test. 
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Week 1: CB 2: CB/VMF 70/30 3: CB/IMFst 70/90 4: CB/IMF 90/10 5: CB/IMFol 90/10 
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Week 1: CB 2: CB/VMF 70/30 3: CB/IMFst 70/90 4: CB/IMF 90/10 5: CB/IMFol 90/10 
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(B) 
Figure 7.3: Surface topography of chocolate discs in contact with hazelnut filling at (A) 23°C and (B) 20°C as affected by storage 
time and fat phase composition. 
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Figure 7.4: Oil migration from hazelnut filling to chocolate discs at 23°C as affected by storage time 
and fat phase composition 
a,b,c: different superscripts indicate significant differences (P<0.05) between chocolates at the same 
storage time following One-way ANOVA and post hoc test. 
Regardless of the storage temperature, the same trends of fat bloom development as 
affected by fat phase composition were observed. After 12 weeks storage at 23°C, the 
chocolates formulated with CB, CB/IMF and CB/IMFol were fully bloom saturated. As the 
observed differences in fat bloom occurrence was not shown to be temperature dependent, 
the ratio of OOO/StOSt, a marker for oil migration, was only recorded in time for 23°C (Figure 
7.4). Clear differences in oil migration were not observed after 2 and 4 weeks of storage, in 
contrast to 8 and 12 weeks of storage. Here, a higher degree of oil migration was seen in 
chocolate formulated with CB and CB/IMF 90/10 compared to that with CB/IMFol 90/10 and 
with the hard MFs. 
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7.5 DISCUSSION 
Several explanations could be hypothesized for the observed degrees of oil migration and fat 
bloom formation. The hypothesis that the higher SFC of the chocolate determines fat bloom 
was considered, as mentioned by Lonchampt and Hartel (2004), yet showed no correlations 
between SFC and fat bloom both at 20 and 23°C. Instead, we propose two other possible 
explanations. Firstly, an identical mechanism to the use of BOB or seeding with βVI crystal can 
be assumed (Descamps & Kegelaers, 2007; Sato, 2001). Those investigations basically proved 
that enabling the fats to crystallize at higher temperatures inhibits the transition of the oleic 
chain of 2-oleo-disaturated TAGs or generates microcrystals which create a complex structure 
delaying fat bloom formation by retardation of crystal growth (Birkett & Talbot, 2009). Indeed, 
simple polymorphic transition to βVI does not cause fat bloom without crystal growth to a 
certain size (Afoakwa, 2011; Ziegler et al., 2004). Here, the microplates may require a longer 
time to disperse into large crystals through Ostwald ripening or have a large surface area that 
will entrap liquid oil in their fissures (Timms, 2002). This explanation seems feasible based on 
the crystallization data. The main crystallization onsets during cooling for the blends CB/VMF 
70/30, CB/IMFst and CB/IMFol 90/10, respectively, were higher than for CB and CB/IMF 90/10. 
In this way, chocolates formulated with the former fat phases might develop a desired 
structure for fat bloom inhibition. Generally, a higher nucleation rate extends the number of 
crystals, which might set in a dense high tortuosity network that hinders the oil migration 
pathway (Ghosh et al., 2002; Willcocks et al., 2002; Ziegler et al., 2004). 
Secondly, the oil migration rate through a chocolate matrix depends on the TAG compatibility 
(Ziegler, 2009b). Specific TAGs in chocolate dissolve in liquid oil, diffuse through the liquid 
phase to other more stable TAG and incorporated into this growing crystal. Here, the 
difference in concentration and solubility of POP, POSt and StOSt between the chocolates 
incline to the latter hypothesis. POP is more easily solubilized in oil compared to the less 
soluble POSt and StOSt. In fact, the chocolates higher in POP possessed a higher dilution effect 
by the liquid oil facilitating oil migration to the surface where recrystallization occurs. Based 
on the POP/ (POSt + StOSt) ratio (Table 6.1), it could be derived that the chocolate containing 
merely CB was most prone to fat bloom formation followed by CB/IMF 90/10 and CB/IMFol 
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90/10 chocolates, and lastly the CB/IMFst 70/30 and CB/VMF 70/30 ones. This theory is in 
accordance with Ali et al. (1998) who related fat bloom resistance to the higher StOSt/POSt 
ratio in a dark chocolate truffle. However, it is worth stressing the somewhat mismatched 
trend in oil migration and fat bloom formation between IMF and IMFol addition, which might 
be due to mutual differences in StOO contents and interference of the recrystallization at the 
surface. Such phenomenon was observed in case of milk fat when softening the chocolate also 
slowed bloom formation. This was attributed to the increased solubility of some TAGs on the 
chocolate surface, responsible for bloom formation that decelerated recrystallization 
(Matsuda et al., 2001; Ziegler, 2009b). To confirm this, compositional data of the fat crystals 
is necessary. This hypothesis may explain the observations of a fat bloom study on 
(hydrogenated) palm kernel stearin compound chocolates (Smith et al., 2004). At lower 
temperature fat bloom crystals consisted mainly of 2-oleo- disaturated TAGs from cocoa 
butter while higher temperature resulted in more trisaturated TAGs from lauric fats. It is 
clearly that the lower melting point of TAGs in CB compared to those in lauric fats facilitated 
their migration to the surface and recrystallization at lower temperatures. 
Practically, the use of high-melting point TAGs in chocolate can seed the melted chocolate to 
set again, when temperature fluctuates, in a way that it inhibits fat bloom (Beckett, 2008), 
unless the storage temperature is higher than the melting point of those seeds. The presence 
of a substantial amount of high-melting TAGs (StOSt) in CB/VMF 70/30 and CB/IMFst 70/30 
could be particularly suitable in the tropics with respect to tempering convenience, 
maintaining structure and fat bloom stability. However, fat formulations CB/IMF 90/10 and 
CB/IMFol 90/10 should be carefully considered unless applied in temperate regions as they 
would more easily lose their fat bloom retardation effect (Beckett, 2008). Undoubtedly, the 
oil release test (chapter 6) which is also linked to oil migration shows significantly higher oiling-
out in CB, CB/IMF 90/10 and CB/IMFol 90/10 chocolates than in the others as the bloom 
composition was temperature dependent (Smith et al., 2004). 
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7.6 CONCLUSIONS 
In conclusion, this study showed that a fat phase formulation with CB/VMF 70/30 and 
CB/IMFst 70/30 increased the fat bloom stability following oil migration. Interestingly, the fat 
blend CB/IMFol 90/10, suitable for chocolate applications under non-tropical conditions, was 
shown to retard oil migration fat bloom as well. In addition, the POP/(POSt + StOSt) ratio of 
the fat phase does not necessarily correlate to fat bloom development, as can be assumed, 
but the fat crystallization behavior is another important aspect to consider. Future studies 
should elucidate the composition of the bloomed crystals as well as the intersolubility or phase 
behavior of TAGs of migrating and chocolate matrix lipids. Development of chocolate 
containing high amount of olein and stearin fractions minimizing POP is promising with respect 
to retarding oil migration while maintaining the chocolate quality attributes. 
 
Beside fat bloom, sugar bloom and polymorphic fat bloom are also main defects accelerated 
in tropical temperature and humidity. Therefore, in the next chapter, mitigation of such blooms 
using mango fat were further explored to reveal the functionality of mango fat in complete 
stability issues in the tropics.  
 
Chapter 8: The functionality of hard and soft StOSt-rich fats in controlling sugar bloom 
 
177 | P a g e  
 
CHAPTER 8: CONTROLLING POLYMORPHIC FAT BLOOM 
AND SUGAR BLOOM IN PRALINES USING HARD AND SOFT 
StOSt-RICH FATS 
 
8.1 ABSTRACT 
Storage stability tests were conducted on pralines in which the chocolate’s fat phase was 
formulated with solely cocoa butter (CB) and cocoa butter in combination with mango fat 
stearin fraction (CB/MFst 30/70) or mango fat olein fraction (CB/MFol 90/10). The gelatin 
fillings enclosed by the chocolates were tuned to have water activities of 0.85, 0.75 and 0.65. 
The pralines were stored for 10 weeks at two temperatures (20°C and 30°C) and two relative 
humidity (40% and 75%), and visually evaluated for surface defects, more particularly cracks, 
collapse and bloom. The incorporation of mango fat stearin, and to a lesser extent, mango fat 
olein, retarded physical collapse as well as sugar and polymorphic fat bloom occurrence at all 
applied storage conditions. The adhesion of cocoa particle either outside or inside sugar 
agglomerates was for the first time demonstrated using cryo-SEM. The surface redistribution 
caused by the concurrent presence of sugar and/or cocoa particle bloom and polymorphic fat 
bloom were also observed. Sugar and particle bloom was primarily dominant in pralines stored 
at low relative humidity (40% versus 75%) and containing fillings with relatively higher water 
activities (0.75 and 0.85 versus 0.65), in contrast to polymorphic fat bloom. Cracking and 
collapse of pralines followed different mechanisms. Possible explanations were proposed 
based on the fat microstructure. 
8.2 INTRODUCTION  
Moisture migration and tropical weather conditions might induce several defects in pralines, 
including structural damage, drying out of the filling, sugar bloom and polymorphic fat bloom 
(Ghosh et al., 2002; Minifie, 1989). In warm climates, chocolate is often stored in the 
refrigerator after purchasing to prevent partial or full melting. However, due to the cold shock, 
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consumers often report the “sweating” of chocolate caused by condensation, hardening and 
related visual haze of sugar bloom making the chocolate unacceptable. Therefore, the 
formulation of pralines with water-based fillings that are heat resistant and have sufficient 
storage stability is highly challenging.  
The driving force for moisture migration within pralines is the difference in water activity (aw) 
between the filling and chocolate shell (Edwards & Bardfield Consultants, 2009; Talbot, 
2009a). Chocolate consists of sucrose and cocoa particles embedded in a continuous lipid 
phase comprising a fat crystal network. The polar lipids of lecithin are located at particle-lipid 
interfaces and in the continuous lipid phase (Johansson & Bergenståhl, 1992). Water is 
believed to diffuse mainly through oil that is physically entrapped by the fat crystal network 
or through void spaces until thermodynamic equilibrium is reached. Furthermore, moisture 
migration is accelerated through capillary flow from holes and cracks (Ghosh et al., 2002). 
When moisture approaches the dispersed phase, it gets adsorbed onto these particles. Cocoa 
powder allows water molecules to diffuse through, while crystalline sugar has a packing 
arrangement that preferentially excludes moisture. Indeed, moisture only interacts by 
hydrogen bonding at the surface of the sugar crystal and diffuses along it until a certain aw is 
reached causing sugar dissolution at the so-called deliquescent point (Bell & Labuza, 2000). 
Structural changes of the chocolate shell can occur due to swelling of cocoa particles or 
dissolving of sucrose crystals followed by migration to the surface eventually causing sugar 
bloom (Ghosh et al., 2004).  
Applying fat barriers to retard moisture migration induces process complications, thereby 
adaptations to the chocolate shell, if possible, seem more promising (Talbot, 2009a). 
Researches aiming at chocolate shell reformulation in this domain are hardly found. One study 
(Linke, 1999)  attempted to use different concentrations and types of emulsifiers in chocolate 
to improve the structural changes caused by ethanol migration. The best formulation arose 
with chocolate containing 0.3% lecithin and 0.1% PGPR. In our previous study, the 
incorporation of StOSt-rich fats in chocolate was shown to improve heat resistance and retard 
oil migration fat bloom (Tran et al., 2015b). To our knowledge, the inclusion of such fat 
fractions in pralines aiming at retarding moisture movement has not been reported so far. 
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In the tropics, pralines comprising water-based fillings are both subjected to vapor-induced 
migration from the humid environment and liquid-induced migration from the filling. The 
majority of studies regarding moisture migration through fat-based systems used the former 
model to simulate the latter phenomenon (Biquet & Labuza, 1988; Ghosh et al., 2004; Ghosh 
et al., 2005). However, whether two mechanisms affect the diffusivity and permeability 
differently depends on the aw gradient and the composition of the fat-based film (Morillon et 
al., 2000; Yuan et al., 2009). Hence, these mechanisms cannot be equally assumed for 
products having direct contact with an aqueous phase.  
This study aimed to investigate the effect of incorporation of StOSt-rich fats on surface 
characteristics of pralines with water-based fillings during storage in order to explain several 
impairments, including physical changes as well as concurrent fat and sugar bloom formation. 
The stability of these pralines was impacted by several factors, more particularly aw of the 
filling, storage relative humidity (RH) and temperature, fully representing real conditions in 
multi-domain pralines. 
8.3 MATERIALS AND METHODS 
8.3.1 FATS 
West African cocoa butter (CB) was purchased from Cargill Chocolate Belgium (Mechelen, 
Belgium). Refined mango fat stearin (MFst) and olein fraction (MFol) were supplied by 
Manorama Industries Pvt. Ltd. (Chhattisgarh, India). Those three fats were also studied in 
previous Chapters (6 and 7).   
8.3.2 LAB-SCALE PRODUCTIONS 
8.3.2.1 WATER-BASED FILLINGS 
The composition of the water-based fillings is listed in Table 1. The fillings were made using 
the Stephan Universal Machine UMC 5 (STEPHAN Food Service Equipment GmbH, Hameln, 
Germany) connected to a water bath (Memmert GmbH, Schwabach, Germany). 
Demineralized water was heated to 80°C, followed by dissolving gelatin type PBG 05 (PB 
Gelatins, Tessenderlo Chemie, Tessenderlo, Belgium) and stirring for 2 min at 300 rpm. 
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Sucrose (Tiense Suikerraffinaderij, Tienen, Belgium), glucose (Glucodry, Gents Bakkershuis, 
Gent, Belgium) and glycerol (Gents Bakkerhuis) were then added and mixed at 300 rpm for 15 
min. Finally, 100 ppm of Natamax (DuPont, Danisco Holland, Dordrecht, Holland) was added 
as preservative and the mixture was stirred for an additional minute at 300 rpm. The pH of 
the water-based fillings was determined according to the AOAC Official Method 13.010 at 
20°C. The aw at 20°C was verified using the AQUALAB Water Activity Meter 4TEV (LA 
Biosystems, Waalwijk, The Netherlands). 
Table 8.1: Composition of water-based fillings. 
Ingredients Quantity (%) 
aw 0.85 0.75 0.65 
Gelatin 3.0 3.0 3.0 
Water 34.0 33.9 20.4 
Sucrose 63.0 53.4 34.0 
Glucose - - 23.3 
Glycerol - 9.7 19.4 
 
8.3.2.2 CHOCOLATES 
Dark chocolates were produced in the same manner as described in section 6.3.2.  The 
chocolates were tempered using a CW24 Automatic tempering machine (Chocolate World, 
Antwerp, Belgium). A temper index (TI) between 4 and 5 was verified using an Aasted-
Mikroverk Chocometer (Aasted-Mikroverk, Farum, Denmark). Finally, tempered chocolates 
were moulded into CW1637 moulds (275x135x24 mm) (Chocolate World, Antwerp, Belgium) 
by standardization of pouring and vibrating time as well as weight control of each mould to 
ensure a similar shell thickness (1.38 mm). The chocolate shell were targeted to be thin to 
ensure substantial moisture migration. Random samples were taken to verify shell thickness 
with an ABS Digimatic Caplier (Mitutoyo Ltd., UK).  Chocolate moulds were cooled in a thermal 
cabinet for 30 min at 11°C (Chocolate World, Antwerp, Belgium). In the following step, the 
water-based fillings varying in aw were deposited in equal volumes into the solidified chocolate 
shells using a dispenser prior to gelling of the filling (1 h at 12°C) and closing the pralines with 
the respective chocolate.  
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8.3.3 STORAGE STABILITY TEST 
Chocolates formulated with three different fat phases (CB, CB/MFst 70/30 and CB/MFol 
90/10) and enclosing water-based fillings with 3 different water activities (0.85, 0.75 and 0.65) 
were subjected to a storage stability test. Equally sized plain chocolates without fillings were 
included in the experimental set-up as reference materials. After a maturation period of 24h 
at 18°C, the pralines were stored at different temperatures (20°C and 30°C) and RH’s (40% and 
75%). The RH was induced in a desiccator DN 250 (Duran group, Germany) through saturated 
salt solutions, as prepared according to Greenspan (1977). Visual chocolate attributes were 
assessed during a 10 week period.  
8.3.4 METHODOLOGY 
8.3.4.1 FAT CHARACTERIZATION 
The fatty acid compositions of the base fats, the SFC-profiles as well as the non-isothermal 
crystallization behavior of CB, CB/MFst 70/30 and CB/MFol 90/10 were recorded from Section 
6.3.3.1. 
8.3.4.2 CHOCOLATE QUALITY ATTRIBUTES 
Weighing of pralines was done weekly using a digital balance (Sartorius AG Gottingen, 
Germany) and mass change (%) was calculated as follows:  
	ℎ		(%) =
(mass	of	praline	at	time	x − mass	of	praline	at	time	0) × 100	
mass	of	praline	at	time	0
 
Simultaneously, structural changes of 10 pralines per batch/storage condition were evaluated 
visually. A score system was introduced distinguishing the degree of cracking and collapse 
among pralines. Cracking affecting less and more than one half of the top surface of the 
pralines were scored 0.5 and 1, respectively. The pralines having collapsed for one fourth, one 
half and more than one half of their height were scored 0.25, 0.5 and 1, respectively.  Degree 
of cracking and collapse were calculated using the following formula:  
	 			!"	 #$/!&&'	 =
	∑(defected	praline × score)
number	of	sampled	pralines
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Digital images of the pralines were taken biweekly using a digital camera. The samples were 
placed on an aluminum foil covered support at a height of 6.5 cm from the table. The camera 
was mounted parallel above the sample with a focal distance of 10 cm. Light sources were 
mounted on both sides of the sample at a height of 40 cm and a horizontal distance of 13 cm 
from the sample. 
The surface topography of pralines was visualized using JSM-7100 F TTLS LV TFEG-SEM (Jeol 
Europe, Zaventem, Belgium) as previously described in 7.3.3.2. Pralines at aw 0.85 and 
reference chocolates were visualized every 2 weeks. At 10 weeks of storage, pralines stored 
at all conditions were sampled.  
8.3.5 STATISTICAL ANALYSIS 
One-way ANOVA (SPSS22, SPSS, Inc., Chicago, USA) was used to investigate possible significant 
differences in the quality attributes between chocolates. Testing for equal variances was 
performed with the Modified Levene Test. When conditions for equal variance were fulfilled, 
the Tukey test was used to determine differences between samples. In case variances were 
not equal, Games–Howell test was performed. All tests were done at a significance level of 
0.05. 
8.4 RESULTS  
8.4.1 FAT CHARACTERIZATION 
The chemical properties of CB and the mango fat fractions are shown in Table 8.2. It was 
observed that the palmitic acid content was highest in CB followed by MFol and MFst. 
Conversely, stearic acid content was highest in MFst followed by MFol and CB. Saturated fatty 
acid content was noted to be the highest in CB, while MFol was richest in MUFA. Regarding 
the TAG composition, the ratio of POP/(StOSt+POSt) was highest in CB followed by MFol and 
MFst. StOSt level was found to be highest in MFst followed by MFol and lastly CB. The level of 
2-oleo-disaturated TAGs (POP + POSt + StOSt) was highest in CB followed by MFst and MFol.  
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Table 8.2: Chemical characterization of cocoa butter and mango fat fractions (partly from Table 6.1) 
Component CB  IMFst  IMFol 
Fatty acids (%)      
        C16:0 26.7  6.7  8.5 
        C18:0 35.5  46.9  36.4 
        C18:1 32.7  38.7  44.8 
        C18:2 2.8  2.7  4.2 
        C20:0 1.0  2.9  3.4 
        SFA 63.8  57.6  49.5 
        MUFA 33.1  39.2  45.6 
        PUFA 3.1  3.1  4.8 
Triglycerides (%)      
       POP 17.7  0.6  1.4 
       POSt 41.3  13.2  13.5 
       StOSt 29.5  53.9  28.5 
POP/(StOSt + POSt) 0,25  0,01  0,03 
SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated fatty acids 
Consequently, the blends of CB with MFst or MFol exhibited a lower SFC than CB in the 
temperature range 20°C-30°C (Figure 8.1). At 20°C, the SFC of CB was highest, while CB/MFst 
70/30 and CB/MFol 90/10 showed a similar SFC value. At 30°C, the SFC of CB was still highest 
followed by CB/MFst 70/30 and CB/MFol 90/10. The higher SFC of CB was assumed to have a 
positive impact on the resistance to moisture migration and subsequent sugar bloom (Biquet 
& Labuza, 1988; Ghosh et al., 2005; Kamper & Fennema, 1985; Kester & Fennema, 1986; 
Landmann et al., 1960; Martin-Polo et al., 1992). 
However, an increase in the main onset temperature (onset 1 and 2) of crystallisation, likely 
indicative of a higher nucleation rate, was observed by incorporating 30% IMFst, and to a 
lesser extent 10% IMFol to CB (Table 8.3). Generally, a higher nucleation rate extends the 
number of crystals (Tran et al., 2015b), which set in a denser crystal network with an increased 
tortuosity (Ghosh et al., 2002; Willcocks et al., 2003; Ziegler et al., 2004). CB/MFst 70/30 also 
had a highest peak maximum crystallization during the main crystallization. In contrast, 
CB/MFol 90/10 and CB had somewhat comparable onset 1 and maximum temperature. 
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Figure 8.1: SFC profile of CB, CB/MFst 70/30 and CB/MFol 90/10 
 
Table 8.3: Crystallization parameters of CB and fat blends CB/MFst 70/30 and CB/MFol 90/10 during 
cooling at 5°C.min-1 
Parameter CB CB/MFol 90/10 CB/MFst 70/30 
Onset 1 (°C) 18.19 ± 0.02 17.98 ± 0.09 20.38 ± 0.06 
Onset 2 (°C) 16.22 ± 0.15 16.65 ± 0.18 16.99 ± 0.04 
Maximum (°C) 13.11 ± 0.29 13.06 ± 0.24 13.74 ± 0.18 
∆ (°C) 3.11 ± 0.33 3.59 ± 0.30 3.25 ± 0.18 
x ± y: average ± standard deviation 
 
8.4.2 STORAGE STABILITY TEST 
8.4.2.1 MASS CHANGE 
Table 8.4 demonstrates that mass changes occurring in pralines after 10 weeks of storage was 
affected by aw of the filling, the fat phase composition of the chocolate shell, as well as by 
external factors, i.e. temperature and RH. 
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For pralines with fillings of aw 0.85 (all recipes) and aw 0.75 (CB and CB/MFol 90/10), mass loss 
was highest in 40% RH/30°C, followed by 75% RH/30°C and 40% RH/20°C, while a minimal 
mass gain was seen at 75% RH/20°C. All pralines with the lowest aw filling (0.65) and the 
pralines formulated with CB/MFst 70/30 and aw 0.75 filling suffered from mass loss at 40% 
RH/30°C but gained mass at other storage conditions ranking from highest at 75% RH/30°C 
followed by 75% RH/20°C and lastly 40% RH/20°C (negligible). The reference chocolate, not in 
contact with filling, showed only an increase in mass, being highest at 75% RH/30°C followed 
by 75% RH/20°C, 40% RH/30°C and 40% RH/20°C, respectively.  
Table 8.4: Mass change of pralines and reference chocolate at week 10 (n=10). 
aw Recipe % mass change 
40% RH 20°C 75% RH 20°C 40% RH 30°C 75% RH 30°C 
 CB -0,23±0,13a 0,04±0,29a -5,37±1,08a -3,72±0,51a 
0,85 CB/IMFol 90/10 -0,19±0,08a 0,02±0,26a -4,22±0,83b -1,43±0,80b 
 CB/IMFst 70/30 -0,09±0,08b 0,05±0,24a -2,47±0,66c -0,41±0,74c 
 CB -0,05±0,10a 0,09±0,03a -11,57±1,44a -3,22±2,26a 
0,75 CB/IMFol 90/10 -0,07±0,14a 0,08±0,07a -5,68±1,46b -0,17±0,07b 
 CB/IMFst 70/30 0,03±0,06a 0,09±0,01a -1,60±1,51c 1,31±1,52c 
 CB 0,01±0,09a 0,25±0,14a -1,64±0,65a 0,55±0,68a 
0,65 CB/IMFol 90/10 0,04±0,09a 0,29±0,16a -1,15±0,42ab 0,50±0,18a 
 CB/IMFst 70/30 0,10±0,02b 0,29±0,12a -0,63±0,17b 0,45±0,09a 
 CB 0,14±0,01b 0,31±0,10a 0,24±0,01b 5,22±0,43c 
REF CB/IMFol 90/10 0,11±0,02a 0,30±0,11a 0,23±0,02ab 1,26±0,11b 
 CB/IMFst 70/30 0,11±0,01a 0,30±0,01a 0,22±0,01a 1,05±0,03a 
x ± y: average ± standard deviation; a,b,c: different superscripts indicate significant differences (P<0.05) 
between chocolates at the same filling aw and storage condition following One-way ANOVA and post 
hoc test. 
The results indicated that pralines formulated with filling at aw 0.65 or MFst remarkably 
retarded moisture migration, considered as the main reason for mass changes during storage. 
High temperature was largely responsible for mass loss in pralines with high aw fillings, 
especially when stored at low relatively humidity, whereas it was associated with mass gain in 
the case of low aw filling and high RH. In pralines, the effect of temperature on mass changes 
was more pronounced than that of RH. Conversely, in reference samples (vapor-induced 
migration), the RH played a more prominent role in mass changes than temperature. At the 
same temperature, mass loss was larger at low RH and mass gain was higher at high RH in all 
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samples. Moisture migration occurred in pralines with higher aw fillings in most cases, 
however, it was observed to be clearly higher in pralines with fillings aw 0.75 than aw 0.85 for 
chocolate formulated with CB and CB/MFol 90/10 stored at 40% RH/30°C. By cutting and 
visual inspection of such pralines, it was observed that the 0.75 aw filling was almost depleted 
and the remainder was attached to the praline’s top inner surface, while the 0.85 aw filling 
adhered to the bottom layer and was protected from a more vigorous drying-out by a sugar 
coating (Figure 8.2). Hence, the mass values were not questionable and will be further 
discussed in following sections. Pralines could be ranked in decreasing order of vulnerability 
to moisture migration as follows: CB, CB/IMFol 90/10 and CB/IMFst 70/30. Hence, SFC data 
did not show a correlation to the degree of moisture migration as in previous studies (Biquet 
& Labuza, 1988; Ghosh et al., 2005; Kamper & Fennema, 1985; Kester & Fennema, 1986; 
Landmann et al., 1960; Martin-Polo et al., 1992). As mentioned in Section 8.4.1, the higher 
tortuosity induced by a denser fat crystal network in CB/MFst 70/30 and to a lesser extent 
CB/IMFol 90/10 possibly also retarded moisture migration compared to CB.  
 
  
(A) (B) 
Figure 8.2: Position of water-based filling and chocolate shell. (A): the aw 0.85 filling was distant 
from the chocolate shell; (B): the aw 0.75 filling stuck to the chocolate shell 
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8.4.2.2 DEGREE OF CRACKING AND COLLAPSE 
Among types of physical defects that the pralines suffered are surface cracking and collapse. 
The occurrence of cracking during storage at 20°C is illustrated in Figure 8.3A (40% RH) and 
Figure 8.3B (75% RH). Cracking was predominant at 20°C and more severe at lower relative 
humidity (40% versus 75%) and affected by aw of the filling (0.85 > 0.75 > 0.65). At the end of 
the storage period, the degree of cracking appeared to be somewhat lowest for pralines 
formulated with CB/MFol 90/10 (Figure 8.3B) and highest for those with CB/MFst 70/30 (in 
case having filling with aw 0.75 stored at 40% RH – Figure 8.3A).  
Ghosh et al. (2005) stated that fats having higher SFC values are more brittle and have a higher 
tendency to crack. This assumption was only true in the case of CB and CB/MFol 90/10. The 
lowest degree of cracking in case of CB/MFol 90/10 could be attributed to a higher level of 
low melting fraction giving it an additional flexibility. In our study, the relationship between 
SFC and cracking was not confirmed in the case of CB/MFst 70/30. Morillon et al. (2002) stated 
that materials with higher SFC reduce water solubility to a certain limit, owing to their 
possession of lower volume by CH2 groups and better uniformity of crystal arrangement. 
Exceeding such limit, some materials could develop heterogeneous crystal structures and 
cracks due to too much vapor pressure and/or an increase in the porosity of the fat crystal 
network (Ghosh et al., 2005; Martin-Polo et al., 1992). However, we propose the role of 
microstructure to explain this phenomenon. The highest tortuosity caused by the fat crystal 
network of CB/MFst 70/30 very likely retarded moisture migration. However, once the 
moisture penetrated to the chocolate surface, its pathway might have affected a larger area 
due to such tortuosity, making the chocolate more susceptible to cracking.  
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(A) 
 
(B) 
Figure 8.3: Degree of surface cracking during storage at 20°C and (A) 40% RH and (B) 75% RH 
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At 30°C, undesirable collapse of pralines was predominant. From Figure 8.4A and Figure 8.4B, 
it can be seen that collapse was more pronounced at low relative humidity and higher filling 
aw, a similar trend as in the case of cracking at 20°C. However, different from cracking, a 
consistent impact of the fat composition on collapse was observed as in moisture migration, 
being highest in case of CB followed by CB/MFol 90/10 and CB/MFst 70/30. Indeed, the 
vigorous moisture movement from the filling to the chocolate shell results in shrinkage of the 
filling and swelling of chocolate (Ghosh et al., 2002). The enhanced nucleation rate in StOSt-
rich fat extends the number of crystals forming a dense high tortuosity network and hindering 
oil migration (Tran et al., 2015b). Koelsch and Labuza (1992) also stated that stearic acid (C18) 
forms an interlocking structure with close packing. In this study, we aforementioned that such 
network also hinders moisture migration. Moisture is absorbed by hydrophobic materials (fat) 
very slowly, while large quantity of moisture would be absorbed by hydrophilic particles 
causing phase/structural changes in the chocolate (Ghosh et al., 2002). Therefore, chocolates 
containing StOSt-rich fat may have a larger fat surface area to cover the hydrophilic particles 
in the fat matrix. This observation is in close agreement with the works of Debeaufort and 
Voilley (1995) and McHugh and Krochta (1994) who proposed that smaller and more 
homogenously distributed lipid crystals can maximize the hydrophobicity of the network. 
Aside from the crystallization behavior, CB/MFol 90/10 induced a higher degree of collapses 
than CB/MFst 70/30 because the moisture diffuses easier through a low melting fraction than 
high melting fats. Hence, moisture migration through CB/MFst 70/30 chocolate probably 
favors the interstices pathway in the closed-packed fat crystal network (Ghosh et al., 2002), 
while that in CB/MFol 90/10 was possibly also through diffusion through low-melting fractions 
present in void spaces. It was interesting to observe that although collapse was believed to be 
caused by rapid mass loss, pralines with 0.85 aw filling stopped losing mass before those with 
0.75 aw filling and CB or CB/MFol 90/10 at 40% RH. Hence, the degree of collapse depended 
more on the presence of space distance between the filling and the chocolate surface that 
induced internal stresses. Presumably, the initial higher degree of collapse in pralines with 
0.85 aw filling compared to 0.75 aw caused a more rapid moisture loss favoring a fissure 
pathway. Then, sugar crystallization at the filling surface of this recipe occurred when 
contacting excessive vapor through opened cracks producing a rigid barrier for further 
moisture migration. 
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(A) 
 
(B) 
Figure 8.4: Degree of surface collapse during storage at 30°C and (A) 40% RH and (B) 75% RH 
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8.4.2.3 VISUAL APPEARANCE AND SURFACE TOPOGRAPHY 
8.4.2.3.1 Visual appearance of pralines 
Digital images, shown in Figure 8.5 and 8.6, indicate changes in appearance of all pralines at 
week 2 and week 10 of storage. In Annex 1, photographs of the entire pralines are shown. At 
week 2, at all storage settings, CB and CB/MFol 90/10 appeared to be lighter in color 
accompanied by a loss of gloss compared to their respective references, while the CB/IMFst 
praline retained the same shiny appearance as its reference.  
8.4.2.3.2 Surface topography of pralines at all storage conditions at week 10 
At week 10, the impact of praline composition (shell and filling) and storage conditions on 
pralines’ appearance was much more pronounced and is discussed herein together with 
surface topography of all pralines at the same week elucidated by cryo-SEM (Figure 8.7-8.14).  
Impact of the incorporation of mango fat fractions in chocolate shell on pralines’ surface bloom 
Pralines formulated with plain CB showed a higher degree of sugar and/or polymorphic fat 
bloom compared to the ones comprising CB/MFol 90/10 irrespective of the storage condition. 
In contrast, the pralines containing CB/MFst 70/30 exhibited no visual bloom, confirmed by a 
smooth surface through SEM visualization and insignificant color change. SFC was considered 
to explain the phenomena, however, not evidently for fat bloom and sugar bloom on pralines 
as stated by Lonchampt and Hartel (2004) and Ghosh et al. (2002), respectively. Formulation 
of chocolate shell using StOSt-rich fats could enhance its resistance to polymorphic fat bloom 
and sugar bloom due to the fat microstructure. An identical mechanism attributed to the use 
of BOB or seeding with βVI crystal can be assumed (Descamps & Kegelaers, 2007; Sato, 2001). 
Those investigations basically proved that enabling the fats to crystallize at higher 
temperatures inhibits the transition of the oleic chain of 2-oleo-disaturated TAGs or generates 
microcrystals which create a complex structure delaying fat bloom formation by crystal 
growth retardation. Indeed, a simple polymorphic transition to βVI does not cause fat bloom 
without crystal growth to a certain size (Afoakwa, 2011; Ziegler et al., 2004). Here, microplates 
may require a longer time to disperse into large crystals through Ostwald ripening or have a 
large surface area that will entrap liquid oil in their fissures (Timms, 2002). Besides, such 
complex fat matrix generated higher number of crystals hence having higher surface area  
 
Chapter 8: The functionality of hard and soft StOSt-rich fats in controlling sugar bloom 
 
192 | P a g e  
 
 
 
Week 2 
aw 0.85 0.75 0.65 Ref 0.85 0.75 0.65 Ref 
 @20oC RH 40% @20oC RH 75% 
C
B
 
     
C
B
/
M
F
o
l
 
9
0
/
1
0
 
   
C
B
/
M
F
s
t
 
7
0
/
3
0
 
     @30oC RH 40% @30oC RH 75% 
C
B
 
 
 
 
C
B
/
M
F
o
l
 
9
0
/
1
0
 
 
 
  
C
B
/
M
F
s
t
 
7
0
/
3
0
 
  
 
  
Figure 9: Digital image of the surface of pralines and reference samples at week 2. 
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Figure 10: Digital image of the surface of pralines and reference samples at week 10 
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possibly also better covering (entrap) hydrophilic particles and reducing their interaction and 
adhesive force with moisture. Hence, the diffusion through porous cocoa particles (Garbolino, 
2002) which is mainly responsible for rapid permeability as well as the swelling of the 
chocolate (Ghosh et al., 2005) seemed to be less in high StOSt recipes. 
Impact of storage condition on pralines’ surface bloom  
The difference in humidity and filling aw of the same recipe was decisive for the type and 
intensity of color and bloom, with the exception of non-bloomed CB/MFst 70/30. We 
therefore describe herein only the color and bloom difference in CB and CB/MFol 90/10.  
Impact of storage condition at 20°C - 40% RH & 75% RH on pralines’ surface bloom  
At 10 weeks - 20°C, CB and CB/MFol 90/10 pralines showed powdery yellow dots at their 
surface representing sugar agglomeration (Figure 8.6 versus Figure 8.7 - 8.10). Distinct RH and 
filling aw did not result in substantial differences in color changes and degree of sugar bloom. 
Only little fat bloom was observed at the fissures of sugar crystals suggesting that those fat 
bloom come from moisture cavities. Although sugar bloom was dominant, cocoa particles 
having modular morphology i.e., rounded and irregular, shape as described by Do et al. (2011) 
were pushed up above the chocolate surface.  
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Figure 8.7: Cryo-SEM images of all pralines observed at week 10 at 20°C and 40RH (100x) 
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Figure 8.8: Cryo-SEM images of all pralines observed at week 10 at 20°C and 40RH (500x) 
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Figure 8.9: Cryo-SEM images of all pralines observed at week 10 at 20°C and 75RH (100x)  
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Figure 8.10: Cryo-SEM images of all pralines observed at week 10 at 20°C and 75RH (500x)  
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Impact of storage condition at 30°C on pralines’ surface bloom  
At 10 weeks - 30°C, the continuous fat phase became more mobile accelerating oil migration, 
the interaction of moisture with hydrophilic particles as well as its diffusion through liquid fats 
(Ghosh et al., 2002). Therefore, the color alteration and bloom quantity occurred more 
vigorously. The discoloration was more likely linked to the surface rearrangement by blooms 
of suspended solid particles and molten butter of pralines with fillings at high aw (0.75 and 
0.85 > 0.65) stored at low RH (40% RH) (Figure 8.5 versus Figure 8.11, 8.12). The whitish color 
was more associated with fat bloom on pralines with fillings of lower aw (0.65 > 0,75 > 0.85) 
stored at 75% RH. The whitish haze looked less coarse than the described discoloration (Figure 
8.5 versus Figure 8.14, 8.15).  
Impact of storage condition at 30°C - 40% RH on pralines’ surface bloom  
At 30°C and 40% RH, the surface of CB and CB/MFol 90/10 pralines was not only covered by 
sugar crystals but also by cocoa particles and some scattered fat bloom (Figure 8.11, 8.12). 
Therefore, the surface shows an increase in roughness possibly attributed to the higher 
mobility of moisture pushing the suspended particles present in the partially liquid cocoa 
butter above the chocolate surface at 30°C (James & Smith, 2009). The higher surface 
redistribution among pralines with high aw filling (0.75 and 0.85 versus 0.65) could possibly be 
explained by the theory of Ziegler et al. (2003) stating that a monolayer of water is adsorbed 
up to a aw of 0.70 above which liquid bridges form between particles creating sucrose 
dissolution and agglomerates at the surface of dark chocolate. They observed that above aw 
0.7, some free water may exist in the oil phase causing the formation of reverse micelles, 
which may then adsorb to the particle surface. Moisture migrates through these reverse 
micelles (Yuan et al., 2009). Lecithin tends to adsorb more moisture than sucrose at aw levels 
below 0.85 (Yuan et al., 2009), leading to retention of more moisture at the interface when 
the hydrophilic head of the emulsifier is aligned towards sucrose (Ghosh et al., 2004). Besides, 
Guillard et al. (2003) reported that the moisture isotherm of dark chocolate used as edible 
film in agar gel/sponge cake system increased sharply at aw higher than 0,8. Loh and Hansen 
(2002) reported the accelerated moisture adsorption when hydrophilic materials contact 
product having aw greater than 0.75. It is note-stressing that these experiments were based 
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on one-dimensional moisture migration, while our study takes into consideration a multi-
phase system which may cause a somewhat higher water absorbance at lower activity.  
Surprisingly, compared to all the rest, CB containing aw 0.75 filling stored at 40% RH had 
highest discoloration throughout the surface due to the homogenous presence of very large 
sugar clumps that might cover the brown cocoa particles. In addition, there were some fat 
bloom crystals scattered at the interface and accretion of cocoa particles in the sugar bloom 
(Figure 8.12 –red circle). This can be attributed to the highest degree of moisture migration in 
this particular recipe (see Section 8.4.2.1). Defatted cocoa powder was found to adsorb more 
moisture than sucrose and have a larger effect on water vapor permeability (WVP) over most 
of the aw range (Ghosh et al., 2005). These researches also observed that, with the aid of 
lecithin, the moisture diffuses through and along cocoa powder particles, while it only diffuses 
along sucrose particles. Garbolino (2002) showed that less than 0.05% lecithin is needed to 
get a mono layer coating of lecithin around the sucrose or cocoa powder particles in molten 
chocolate. The higher water absorption and swelling of cocoa particle are due to its surface 
hydrophilic and hygroscopic (starch and fiber) constituents (Ghosh et al., 2005).  
Pralines with CB and aw 0.85 filling did not show the above-described phenomena, which 
seems contradictory. Here, the surface discoloration in those pralines was scattered because 
of early collapse of the chocolate shell and filling shrinkage, possibly inducing unequal regions 
of contact between the filling and the chocolate. Most importantly, some parts of the 
chocolate sank and had better contact with the water-based fillings. Those regions were rough 
and had accelerated moisture absorption (until they detached the filling) resulting in an 
intensive surface redistribution. Other surface parts remained dull caused by scattering fat 
bloom and they were subjected to less moisture migration (vapor-induced moisture 
migration). The link of fat bloom and moisture migration will be clearer in the next paragraph 
of this chapter. It can be seen in Figure 8.13 that there were two regions on which a rough 
layer of sugar and cocoa particles covered by fat invading the praline’s dull surface.  
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              Figure 8.11:   Cryo-SEM images of all pralines observed at week 10 at 30°C and 40RH (100x)
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Yellow circle: region with scattered 
fat bloom 
Blue circle: rough region with sugar 
and cocoa particles covered by fat 
(see figure 8.15) 
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                 Figure 8.12: Cryo-SEM images of all pralines observed at week 10 at 30°C and 45RH (500x)  
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Yellow circle: region with scattered fat 
bloom 
Blue circle: rough region with sugar and 
cocoa particles covered by fat (see 
figure 8.15) 
Red circle: cocoa particle agglomeration 
White circle: well of dissolved sugar 
Yellow arrow: polymorphic fat bloom 
White arrow: sugar bloom 
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Figure 8.13: two regions on which a rough layer of sugar and cocoa particles covered by fat 
invading the praline’s dull surface 
Impact of storage condition at 30°C - 75% RH on pralines’ surface bloom  
At 30°C and 75% RH, fat bloom was dominant on surfaces of CB and CB/MFol 90/10 pralines 
(Figure 8.14 and 8.15). The lesser moisture migration in pralines stored at this high humidity 
and especially those containing low aw filling likely resulted in a lower extent of sugar bloom. 
Hence, the chocolate surface was more freely available for the growth of polymorphic fat 
bloom (as compared to 40% RH). Commonly, polymorphic fat bloom is reported scattered on 
chocolate surfaces. However, in this study, we also observed plenty of fat accumulation 
(especially at 0.65 aw filling) likely growing from wells as previously seen for oil migration fat 
bloom in hazelnut filled chocolate (Tran et al., 2015). When sugar crystallization and 
subsequent sugar bloom occurs, connecting enlarged cavities are formed inside the chocolate 
(Ghosh et al., 2004). These cavities may have facilitated moisture and oil migration pathways 
in this study. The equilibrium in aw between filling and shell was reached sooner at 70% RH 
compared to 40% RH. Liquid oil, on the other hand, continued its capillary migration and 
incorporation to growing fat crystals to generate excessive fat bloom prioritizing through this 
cavity route. Therefore, the fat bloom seems like to appear from a well and pushed the sugar-
cocoa particle paste up on its feather-like crystals. Although this bloom combination was much 
more complex and vigorous in this study, the sugars covering fat bloom was once reported in 
poorly tempered dark chocolate (James & Smith, 2009). However, sugar crystals in that study 
were not angular-shaped but “modular” as expected for cocoa particles (Do et al., 2011) and 
have particle sizes of about 1 µm. Kinta and Hatta (2005) supported the presence of cocoa and 
sugar particles on the surface of under-tempered chocolate, apparently forced to the surface 
as they segregated from the crystallizing fat.   
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Figure 8.14: Cryo-SEM images of all pralines observed at week 10 at 30°C and 75RH (100x) 
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Figure 8.15: Cryo-SEM images of all pralines observed at week 10 at 30°C and 75RH (500x)  
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White arrow: sugar particle 
Yellow arrow: polymorphic fat bloom 
Red arrow: sugar and cocoa particle 
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8.4.2.3.3 Surface topography of reference chocolates at all storage conditions at week 10 
Regarding reference samples at week 10 (Figure 8.16), the bloom formation was lesser 
compared to their corresponding pralines, probably due to being subjected to one-way 
moisture migration from the environment. In fact, previous studies showed that films in direct 
contact with water-based matrix absorb much more water than those exposed to vapor at the 
same aw (Hopkinson et al., 2001; Morillon et al., 2000). This is due to the different interactions 
of hydrophilic particles with moisture versus vapor and also the reduced actual vapor pressure 
at the interface. Again, chocolates formulated with CB had the highest level of both sugar and 
polymorphic fat bloom, followed by CB/MFol 90/10 chocolate, while those of CB/MFst 70/30 
were bloom-free. CB and CB/MFol 90/10 chocolates were visualized to have a minimal amount 
of sugar bloom at 40% RH 20°C and sugar crystals re-dissolved in moisture at 75% RH 20°C. At 
30°C, those two recipes had no sugar bloom but scattered polymorphic fat bloom, irrespective 
of RH. The higher amount of polymorphic fat bloom was aforementioned to be attributed to 
the less pronounced sugar bloom on the surface. The reference CB and CB/MFol 90/10 had 
less interference of moisture migration and sugar bloom than their pralines with 0.65 aw filling, 
however, were visualized with less fat bloom. Probably, the polymorphic fat bloom on 
reference samples to a large extent occurred by melting and recrystallization of surface fats, 
while this defect was accelerated in pralines due to the elevated moisture migration creating 
capillaries inside the matrix and alleviating the liquid fat to migrate to the surface.  
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Figure 8.16: Cryo-SEM images of reference chocolates observed at week 10 at all storage settings (100x) 
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8.4.2.3.3 Surface topography in pralines with 0.85 aw filling during 9 weeks of storage 
Cryo-SEM images (Figure 8.17-8.20) represent the bloom evolution in pralines with 0.85 aw 
filling at different storage settings during 9 weeks of observations. Results show that pralines 
formulated with plain CB showed a higher degree of sugar and/or polymorphic fat bloom 
compared to the ones comprising the CB/MFol 90/10 mixture irrespective of the storage 
condition (temperature and RH). In contrast, the pralines containing CB/MFst 70/30 exhibited 
no visual bloom, confirmed by a smooth surface through SEM visualization. Therefore, we 
describe herein only the difference in bloom evolution in CB and CB/MFol 90/10.  
At 20°C, no polymorphic fat bloom was visualized in contrast to sugar bloom (Figure 8.17 and 
8.18). The degree of sugar bloom was not clearly different between 40% RH and 75% RH, even 
though the latter condition showed somewhat larger sugar crystals.  
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Figure 8.17: Cryo-SEM images of pralines with filling aw 0.85 observed during the storage period at 20°C and 40RH (100x) 
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Figure 8.18: Cryo-SEM images of pralines with filling aw 0.85 observed during the storage period at 20°C and 75RH (100x)
 20°C 75% RH 
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At 30°C, sugar and polymorphic fat bloom were visualized, the dominance of either surface 
defect being dependent on RH (Figure 8.19 and 8.20). Specifically, sugar and cocoa particle 
bloom dominated fat bloom at 40% RH and vice versa for 75% RH. At 40% RH, the rate at which 
moisture migrated from the filling to the surface and then to the environment was obviously 
more vigorously than at 75% RH due to the higher aw difference between phases. Therefore, 
the sugar lumps on pralines during the early weeks at 40% RH were smaller and less than those 
at 75% RH due to the lack of time to dissolve and integrate sugars into large clumps. Faster 
moisture removal might increase sucrose nucleation rate, resulting in more smaller crystals. 
By time, more moisture dissolving sugars at this specific RH migrated from the inner part of 
chocolate to the surface and the rate of evaporation was faster than that at 75% RH, higher 
amount of crystallized sugars was observed on the surface. Cocoa particles adhesion may also 
take place and was pushed to the chocolate surface either alone or in combination with 
sugars. Since pralines stored at 75% RH had larger amounts of moisture on the surface due to 
the bi-directional migration from the filling and the environment to the chocolate, the 
evaporation of moisture was more difficult than that at 40% RH. Therefore, both the slower 
rate of sugar crystallization and the lower degree of moisture migration (to bring dissolved 
sugars or to push cocoa particles to the surface) at 75% RH compared to 40% RH gave space 
for the occupation of fat bloom crystals at the praline surface. At this RH, CB surface contained 
large sugar clumps and some fat bloom at week 2. Then, fat bloom dominated sugar bloom 
leading to the formation of several fat buns on top of the sugar clumps. This phenomenon 
evolved slowly for CB/MFol 90/10, which displayed only some small sugar crystals at week 2 
and minimal fat buns at week 8. It is note-stressing that sugar bloom appeared first, then the 
fat bloom grew on it. Therefore, the dissolved sugar and liquid oil / growing fat crystals 
possibly came from the same capillary route. Sugar recrystallization trapped the fat in sugar’s 
fissure. When the moisture migration ended at the gradient equilibrium point, the growing fat 
crystals still raised rapidly to the surface owing to the capillary pathway, thereby either 
pushing or covering the sugar paste.  
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Figure 8.19: Cryo-SEM images of pralines with filling aw 0.85 observed during the storage period at 30°C and 40RH (100x)  
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Figure 8.20: Cryo-SEM images of pralines with filling aw 0.85 observed during the storage period at 30°C and 75RH (100x)  
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8.4.2.3.4 Surface topography of pralines with percolation of disperse particles 
In Figure 8.21, different mechanisms of percolation of disperse particles on chocolate surface 
were demonstrated. Firstly, the dissolved sugars penetrated the surface whereupon they 
recrystallized (individual size about 10 µm) (Figure 8.21). Secondly, the adhesion of cocoa 
particles (individual size about 1 µm) started inside the chocolate matrix (just like fat bloom) 
and percolated into the surface causing greater surface damage (Figure 8.22). Thirdly, the 
retention of cocoa particles inside the sugar well was clear in many samples proving the 
affinity of cocoa particle toward water as stated by Rowat et al. (2011) and Ghosh et al. (2005) 
(Figure 8.23). Fourthly, the chocolate microstructure was revealed at the cavity route (Figure 
8.24), the crack (Figure 8.25), the internal structure (Figure 8.26), cocoa solid bloom (Figure 
8.27) versus sugar bloom (Figure 8.28) and bloom combination (Figure 8.29). 
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Figure 8.21: Sugar bloom formation on the praline surface 
    
Figure 8.22: Adhesion of cocoa particles and their percolation onto the praline surface  
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Figure 8.23: Retention of cocoa particles inside the sugar well 
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Figure 8.24: Cavities where moisture and oil migrate through  
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Figure 8.25: Microstructure of chocolate at cracks 
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Figure 8.26: Internal microstructure of the chocolate revealed by cracking   
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Figure 8.27: Spot of cocoa particle bloom on chocolate surface 
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Figure 8.28: Spot of sugar bloom at chocolate surface 
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Figure 8.29: Bloom combination on chocolate surface
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8.5 CONCLUSIONS 
The stability tests for moisture migration showed that pralines comprising CB/MFst 70/30 had 
the lowest fat/sugar bloom formation, mass change and physical collapse, followed by those 
with CB/MFol 90/10 and CB. At 20°C, sugar bloom was prevailing in the pralines along with 
the formation of cracks which was highly related with the microstructure of the pralines. At 
30°C, fat bloom was observed together with sugar/cocoa powder bloom in the pralines with 
dominance depending on storage humidity and filling aw. Physical collapse was dominant at 
this temperature and was assumedly due to the accelerated moisture migration in the 
pralines. Sugar-cocoa particle bloom and moisture migration were recorded more for pralines 
stored at lower humidity and with higher filling’s water activities (0,75 and 0,85). Polymorphic 
fat bloom showed the reverse trend.  
The shelf life of luxury pralines prolonged by modifying the fat phase with hard and soft StOSt-
rich fraction. The incorporation of 30% mango fat stearin fraction in the fat phase of chocolate 
enabled the praline with 0.65-0.75 aw fillings to withstand the high temperature and humidity 
of the tropics.   
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SUMMARY TABLE 
Influence of storage condition on mass change in all pralines. 
% mass change 
40% RH 20°C 75% RH 20°C 40% RH 30°C 75% RH 30°C 
++ + ++++ +++ 
+, ++, +++: each + in one row  indicates the intensity of mass change in different pralines as affected 
by storage condition. 
Influence of storage humidity on the degree of cracking at 20°C and collapse at 30°C of all 
pralines. 
RH% Cracking Collapse 
 20°C 30°C 
40%RH ++ ++ 
75%RH + + 
+, ++, +++: each + in one column indicates the intensity of cracking or collapse in different pralines as 
affected by humidity. 
Influence filling water activity on the degree of cracking at 20°C and collapse at 30°C in 
different pralines at the same storage humidity. 
RH% aw Recipe Cracking Collapse 
   20°C 30°C 
40% RH 0.85 CB 
++ +++   CB/IMFol 90/10 
  CB/IMFst 70/30 
 0.75 CB 
+ ++   CB/IMFol 90/10 
  CB/IMFst 70/30 
 0.65 CB  
+ 
  CB/IMFol 90/10 
  CB/IMFst 70/30  
75% RH 0.85 CB 
+ +++   CB/IMFol 90/10 
  CB/IMFst 70/30 
 0.75 CB  ++ 
  CB/IMFol 90/10  
  CB/IMFst 70/30 
 0.65 CB  + 
  CB/IMFol 90/10  
  CB/IMFst 70/30 
+, ++, +++: each + in one column indicates the intensity of cracking or collapse as affected by different 
factors at the same humidity; grey color: chocolate recipe that had no crack/collapse.  
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Influence of chocolate formulation on bloom stability at all storage conditions. 
Recipe Polymorphic 
fat bloom 
Sugar 
bloom 
Cocoa particle 
bloom 
CB* ++ ++ ++ 
CB/IMFol 90/10* + + + 
CB/IMFst 70/30*    
+, ++, +++: each + in one column indicates the intensity of bloom in different pralines; grey color: 
chocolate recipe that had no bloom.  
 
Influence of storage temperature and humidity, filling water activity on bloom stability of 
pralines formulated with CB and CB/IMFol 90/10. 
Recipe T°C RH aw Polymorphic 
fat bloom 
Sugar 
bloom 
Cocoa particle 
bloom 
CB 
CB/IMFol 90/10 
20°C 40%RH Ref  +  
 0.85  ++  
 0.75  ++  
 0.65  ++  
 75%RH Ref  +  
 0.85  ++  
 0.75  ++  
 0.65  ++  
 30°C 40%RH Ref +   
 0.85 ++ ++++ ++++ 
 0.75 ++ ++++ ++++ 
 0.65 ++ +++ +++ 
 75%RH Ref +   
 0.85 +++ ++ ++ 
 0.75 +++ ++ ++ 
 0.65 ++++ ++ ++ 
+, ++, +++: each + indicates the intensity of bloom compared between different types of bloom (row) 
and different factors (column). 
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GENERAL CONCLUSIONS 
The first part of this PhD research gave a thorough summary of cocoa quality from beans to 
pralines in relation to tropical countries, with special attention to the systematic strategies to 
mitigate fat and sugar bloom.  
In a pioneer effort to position the VN cocoa quality in the world market, the second part of 
this PhD research (Chapter 2, 3 and 4) focused on flavor being for consumers the most 
important criterion for chocolate quality. This attribute is influenced not solely by the volatile 
fraction, but also by non-volatile compounds, cocoa butter melting and chocolate flow 
properties. The latter two are not only determining the overall mouthfeel but also affecting 
the release of volatiles in the mouth headspace and taste perception. Chapter 2 revealed the 
applicability of VN cocoa liquors having intermediate acidity for the production of high-quality 
dark chocolates with specific aroma notes (more pronounced fruity and flowery odors). Liquor 
pre-conching improved the independence of acidity on the volatile acids in chocolates, thus 
enabling total non-volatile acids to become dominant factors in assessing acidity. Improving 
acidity of cocoa liquors by extra conching was not favorable due to the unwanted removal of 
several desirable compounds. Indeed, prolonged pre-conching reduced the amounts of 
volatile acids, alcohols, 3-methylbutanal, benzaldehyde as well as several less volatile 
pyrazines, including trimethylpyrazine and tetramethylpyrazine, and acetylpyrroles. However, 
this treatment increased furfural and did not affect significantly the level of isobutanal, 2-
methylbutanal and phenylacetaldehyde, probably due to the compensation from further 
reactions to form Strecker aldehydes during conching. In Chapter 3, cocoa aroma quality was 
assessed by multiple analytical approaches. MS-fingerprinting appeared to be a reliable and 
rapid method for predicting the aroma potential and quality of roasted cocoa beans, which 
was confirmed by HS-SPME-GC-MS and supported by a wide range of aroma precursor 
measurements on unroasted cocoa beans. A number of cocoa clones from Asia roasted at 
relatively high temperature (150°C) were closely clustered to those from Ghana indicating that 
the origin of the cocoa samples is not always dominant in determining aroma characteristics, 
and that cocoa batches from different countries could be interchanged to some extent. 
Moreover, Asian cocoa beans which are well-known for its detrimental acidity, showed 
insignificant differences in the amount of lactic acid compared to Ghanaian ones, in case 
properly fermented. The degree of fermentation dominated the impact of origin, hence 
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resulting in a poor origin clustering for the Peruvian clones. Generally, MS-fingerprinting 
proved to be capable of identifying the fine flavor cocoa Criollo and classify the cocoa bean 
according to their extent of processing. Un- and low-fermented beans and over-roasted beans 
were separated from others. Several markers were identified to relate with the Criollo variety 
and well-roasted/well-fermented bean from different origins. Furthermore, roasting at 150°C 
had an adverse effect on the final aroma properties of the well-fermented Vietnamese clones 
in this study. Chapter 4 revealed the effect of roasting temperature on the aroma profile of 
eight TD clones. While aldehydes relating to cocoa notes were favored by roasting at low to 
medium temperatures, the majority of volatiles related to fruity, flowery and roasted notes 
(aldehydes, alcohols, esters, pyrazines, furans and pyrroles) were enhanced at high roasting 
temperature. It was clearly seen that the well-roasted samples, i.e. TD2, TD3 and TD5 at 130°C 
and TD6, TD8, TD9, TD10 and TD11 at 140°C, were among the ones having a compromise in 
flavor compounds. In fact, they exhibited the highest intensity of cocoa note and moderate 
levels of roasted, fruity, flowery and acidic odors. Interestingly, TD10 had a quite similar 
amount of linalool (tea-like) and much richer level of β-myrcene (spicy, peppery) and ocimene 
(herbal, citrus) compared to fine-flavor cocoa from South America.  
Chocolates destined for consumption in tropical countries encounter technical problems due 
to their low heat resistance. Besides, fat/sugar bloom is the main quality defect in chocolate 
and pralines. This phenomenon is adversely affected by high temperature and temperature 
fluctuations, especially after purchasing by consumers. To tackle these problem, two 
strategies were considered in Part III and IV (Chapter 5, 6, 7 and 8), targeting at varying 
ingredients and processing parameters.  
As the rheological and textural properties of dark chocolate are affected by PSD, fat content 
and refining conditions, Chapter 5 showed the possibility of tuning these parameters towards 
the creation of a somewhat more thermal resistant chocolate for application in pralines 
through moulding. Within our experimental design, dark chocolate with refiner settings 2×(2-
1), a fat content of 32% and 100% pre-broken sucrose seemed to be most suitable recipe for 
such application. Surprisingly, the replacement of pre-broken sucrose by icing sucrose didn’t 
result in finer particles. The amount of moisture present during mixing was possibly enough 
to hydrate some fraction of the “highly fine” icing sucrose particles, thereby altering their Tg  
above which refining may mainly result in a plastic deformation and no size reduction. The 
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observed σCA was more of a “PSD effect” than a “fat effect” and vice versa for ηCA. Hardness 
at 20˚C was determined primarily by the high SFC of CB with a minimal effect of PSD. 
Interestingly, this trend shifts from being a “fat” effect to more of a “PSD” effect at 30˚C, where 
the particle-particle interactions contributed to a higher extent in supporting the structure. 
This could be interesting for the tuning of PSD to achieve a somewhat higher thermal 
resistance. 
Chapter 6 showed the usefulness of incorporating hard StOSt-rich fats for the development of 
heat resistant chocolate. Due to its triacylglycerol composition, all sampled mango fat phases 
exhibited a distinct crystallization and tempering behavior compared to CB. By blending these 
mango fats with CB at different concentrations, several mixtures showing physical similitude 
to CB could be obtained. For the introduction into chocolate, 10% of soft StOSt-rich fats (IMF 
or IMFol) were selected complying with European legislation, while 30% of hard StOSt-rich 
fats (VMF or IMFst) were applied to have an optimal heat resistance targeting tropical 
countries. It was clearly shown that the heat resistance could be increased by incorporation 
of 30% VMF or IMFst, while preventing a waxy mouthfeel, in contrast to adding 10% IMF or 
IMFol. An increase in onset temperature/time of the main crystallizing fraction by 
incorporating 30% VMF or IMFst, and to a lesser extent 10% IMFol or IMF compared to CB, 
might be indicative of a higher nucleation rate, increasing the tortuosity within the fat crystal 
network.   
Chapter 7 shows that a fat phase formulation with CB/VMF 70/30 and CB/IMFst 70/30 
increased the fat bloom stability following oil migration. Interestingly, the fat blend CB/IMFol 
90/10, suitable for chocolate applications under non-tropical conditions, was shown to retard 
oil migration fat bloom as well. Several explanations can be given for the observed differences 
in fat bloom stability. Firstly, the role of crystallization was hypothesized. A higher nucleation 
rate extends the number of crystals, which might set in a dense high tortuosity network that 
retards oil migration. Enabling the fats to crystallize at higher temperatures inhibits the 
transition of the oleic chain of 2-oleo-disaturated TAGs or generates microcrystals which 
create a complex structure delaying fat bloom formation by crystal growth retardation. 
Furthermore, the microplates may require a longer time to disperse into large crystals through 
Ostwald ripening or have a large surface area that will entrap liquid oil in their fissures. 
Secondly, the oil migration rate through a chocolate matrix depends on the TAG compatibility. 
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The chocolates higher in POP possessed a higher dilution effect by the liquid oil facilitating oil 
migration to the surface where recrystallization occurs. Based on the POP/(POSt+StOSt) ratio, 
it could be derived that the chocolate containing merely CB was most prone to fat bloom 
formation followed by CB/IMF 90/10 and CB/IMFol chocolates, and lastly the CB/IMFst and 
CB/VMF 70/30 ones. However, it is worth stressing the somewhat mismatched trend in oil 
migration and fat bloom formation between IMF and IMFol addition, which might be due to 
mutual differences in StOO contents and interference of the recrystallization at the surface.  
Using scanning electron microscopy (SEM), we were able to reveal the development of oil 
migration fat bloom on a microscopic scale. Prior to crystal growth on the chocolate surface, 
circular blisters are formed due to the migrated oil. Out of these oil blisters, fat crystals start 
to grow to sizes of about 30 µm until a fully bloomed surface appears.  
In Chapter 8, the stability tests for moisture migration shows that pralines comprising CB/MFst 
70/30 had the lowest mass change (moisture migration) and physical collapse followed by 
those with CB/MFol 90/10 and CB. The degree of sugar and/or cocoa particle and/or 
polymorphic fat bloom was also observed more in pralines formulated with plain CB followed 
by CB/MFol 90/10 irrespective of the storage condition. In contrast, the pralines containing 
CB/MFst 70/30 exhibited no visual bloom, confirmed by a smooth surface through SEM. 
Crystallization parameters were again hypothesized to explain the phenomena. A higher 
nucleation rate in CB/MFst 70/30 and to a lesser extent CB/IMFol 90/10 extends the number 
of crystals, which set in a denser crystal network with an increased tortuosity possibly retarded 
moisture migration compared to CB. Such microstructure might have a larger fat surface area 
maximizing the hydrophobicity of the network, thereby causing less interaction/adhesive 
force of hydrophilic particles with moisture in the chocolate matrix. Hence, the diffusion 
through porous cocoa particles which is mainly responsible for rapid permeability as well as 
the swelling and physical collapse of pralines seemed to be less in high StOSt recipes. The 
formation of a more complex network caused by microplates generation through increasing 
the melting point of the fat phase, as aforementioned in Chapter 7, also probably hindered 
moisture migration. Physical collapse was dominant at 30°C and was assumedly due to the 
accelerated pressure caused by the vigorous moisture migration in the pralines. On the other 
hand, cracking was profound at 20°C for pralines formulated with CB/MFst 70/30 compared 
to CB and CB/MFol 90/10 and related to microstructure of the fat phase. Possibly, the highest 
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tortuosity caused by the fat crystal network of CB/MFst 70/30 very likely retarded moisture 
migration. However, once the moisture penetrated to the chocolate surface, its pathway 
might have affected a larger area due to such tortuosity, making the chocolate more 
susceptible to cracking.  
For all pralines, cracking and collapse were predominant at lower relative humidity (40% 
versus 75%) and affected by aw of the filling (0.85 > 0.75 > 0.65). High temperature was largely 
responsible for mass loss in pralines with high aw fillings, especially when stored at low 
relatively humidity, whereas it was associated with mass gain in the case of low aw filling and 
high RH. In pralines, the effect of temperature on mass changes was more pronounced than 
that of RH. Conversely, in reference samples (vapor-induced migration), the RH played a more 
prominent role in mass changes than temperature.  
For pralines with CB and CB/MFol 90/10, the difference in humidity and filling aw of the same 
recipe was decisive for the type and intensity of color and bloom. Sugar bloom (powdery 
yellow dots) was prevailing in pralines at 20°C with insignificant difference in intensity among 
different storage humidity and filling aw. In contrast, polymorphic fat bloom (whitish haze) was 
observed together with sugar-cocoa particle bloom in the pralines at 30°C resulting in vigorous 
surface redistribution. The latter bloom was recorded more for pralines stored at lower 
humidity and with higher filling’s water activities (0,75 and 0,85), in contrary to the former 
one. Hence, the lesser moisture migration in pralines, the higher polymorphic fat bloom may 
be concluded. At high water activity, some free water may exist in the oil phase causing the 
formation of reverse micelles, which may then adsorb to the particle surface and let moisture 
migrates through rapidly. Commonly, polymorphic fat bloom is reported scattered on 
chocolate surfaces. However, in this study, we also observed plenty of fat accumulation 
(especially at 0.65 aw filling) likely growing from wells as previously seen for oil migration fat 
bloom in hazelnut filled chocolate (chapter 7). Presumably, connecting enlarged cavities 
(capillary migration) are formed inside the chocolate upon the moisture migration which may 
have facilitated oil migration pathways after the moisture migration approached its 
equilibrium. Therefore, the fat bloom seems like to appear from a well and pushed the sugar-
cocoa particle paste up on its feather-like crystals. Different mechanisms of percolation of 
disperse particles on chocolate surface were demonstrated. Firstly, the dissolved sugars 
penetrated the surface whereupon they recrystallized (individual size about 10 µm). Secondly, 
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the adhesion of cocoa particles (individual size about 1 µm) started inside the chocolate matrix 
(just like fat bloom) and percolated into the surface causing greater surface damage. Thirdly, 
the retention of cocoa particles inside the sugar well was clear in many samples proving the 
affinity of cocoa particle toward water. Fourthly, the chocolate microstructure at the cavity 
route, the crack, the internal structure as well as the sugar bloom versus cocoa solid bloom 
was revealed.  
In short, the shelf life of luxury pralines prolonged by modifying the fat phase with hard and 
soft StOSt-rich fraction. The incorporation of 30% mango fat stearin fraction in the fat phase 
of chocolate enabled pralines with 0.65-0.75 aw fillings to withstand the high temperature and 
humidity of the tropics.   
To conclude, it can be said that an increased heat resistance, without inducing waxiness, and 
increased fat/sugar/cocoa particle bloom stability can be obtained in chocolate and praline by 
incorporation of hard StOSt-rich fats. This offers opportunities for the development of high-
quality chocolate products for the tropics. Additionally, the mango fat from Vietnamese origin 
could be applied without fractionation, making it economically even more interesting. Soft 
StOSt-rich fats can be applied as bloom retarding fat in real chocolates, still complying with EU 
legislation. 
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FUTURE PERSPECTIVES 
Liquor pre-conching was shown not to compensate the flavor imbalance in high acidic cocoa 
liquor as both highly and less volatile, desired aroma compounds are partially removed 
(Chapter 2). Hence, postharvest processing targeting intermediate pH seems the best option 
to fully exploit the flavor potential of VN cocoa ensuring high-quality chocolate exhibiting 
specific fruity and flowery odor notes. In order to reduce lactic acid formation, different 
strategies could be considered. Partial removal of fruit pulp prior to fermentation to reduce 
abundant sugars and acid citric substrate, and/or attracting more yeasts from the 
environment to favor anaerobic fermentation. Between 48 and 96 hours, inhibit the activity 
of microaerophilic lactic acid bacteria by turning the cocoa batch thus facilitating acetic acid 
bacteria activity. 
Based on the single clone experiments (Chapter 4), blending different TD clones at different 
ratio targeting a steered aroma profile of chocolate would be an interesting approach for 
further study. Hereto, the application of MS-fingerprinting to confirm its ability to identify the 
degree of roasting  should be challenged, as was conducted for coffee. 
Using (high melting) emulsifiers in chocolate would be interesting to further reduce the fat 
content in chocolate (Chapter 5) to produce low-fat chocolate compromising the requirement 
of flow property for moulding application, while probably improving the heat resistance of the 
chocolate as well as sugar bloom retardation.  
Another source of unexploited tropical fruit kernel which has a much higher fat content than 
mango fat (30% versus 6%) is from rambutan. It contains a substantial high melting fraction 
comprising arachidic acid and was already shown to crystallize in the β form as cocoa butter 
does. In my opinion, this fat, whether or not fractionated, could mimic the soft or hard mango 
fat (fraction) in retarding sugar and fat bloom development (Chapter 7 and 8). Future studies 
should elucidate the composition of the bloomed crystals as well as the intersolubility or phase 
behavior of TAGs of migrating and chocolate matrix lipids. Development of chocolate 
containing high amount of olein and stearin fractions minimizing POP is promising with respect 
to retarding oil migration while maintaining the chocolate quality attributes. The positive 
effect on glossiness and resistance to sugar bloom in plain chocolate/pralines formulated with 
hard StOSt-rich fats was proven when stored in very humid and hot environment. However, 
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this formulation only increase the heat resistance to about 2°C considering the waxiness 
compromise. Since adding humectants/hydrocolloids were shown to increase effectively the 
chocolate melting point, however, the attraction of moisture caused the development of 
secondary sugar network and subsequent sugar bloom. Thus, the further step could be the 
combination of humectants/hydrocolloids (e.g. glucose, starch, gelatin etc.) and hard StOSt-
rich fats in chocolate to further improve the heat tolerance whilst lessening the drawback of 
sugar bloom.  
During storage, the in situ increase of the thermal resistance of pralines taking benefit from 
moisture migration from water-based filling to chocolate shell may have occurred (Chapter 8). 
The incorporation of moisture up to 10% has led to chocolate heat resistance beyond 60°C 
(Stortz & Marangoni, 2011). Therefore, monitoring moisture migration and heat resistance 
can be applied in pralines with water-based fillings showing no physical defects to validate this 
presumed benefit of moisture transfer. Furthermore, the hypothesis of fat microstructure 
towards oil and moisture migration should be underpinned with advanced techniques. We 
were not able to distinguish differences in fat structure within the chocolate matrix by using 
cryo-SEM. 
Most studies focus on the reformulation of the chocolate shell to tackle heat resistance and 
bloom issues. Alternatively, one could hypothesize that filling microstructure also affects the 
underlying mechanisms, hereby offering opportunities to focus on the application of different 
hydrocolloids in the fillings to tune the migration phenomena and the affected macroscopic 
properties, for instance heat resistance and gloss. Those filling formula should maintain 
proper handling and sensory properties. In the case of gelled fillings, dynamic measurements 
(oscillatory rheology) are useful tools to map their behavior during depositing into moulds, 
gelling and melting.  
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Visual appearance of pralines at week 2 and week 10 as affected by composition and storage. 
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